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If you are faced with a mountain, you have several options. You can climb it and cross to the 
other side. You can go around it. You can dig under it. You can fly over it. You can blow it up. 
You can ignore it and pretend it’s not there. You can turn around and go back the way you 
came. Or you can stay on the mountain and make it your home. 
  
Vera Nazarian1 
 
 
 
  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 In The perpetual calendar of inspiration.Old Wisdom for a New World. Norilana Books, Vermont 2012 
	  	  
	  
	  
iii	  
CONTENTS 
 
ABSTRACT iii 
1. Climate change, snow tourism and sustainability 1 
1.1 Human-Environment interactions and Sustainability 1 
1.2 Climate Change 2 
1.3 Climate change in mountain regions 5 
1.4 Climate change and tourism 9 
1.5 Climate change and winter tourism 11 
1.6 Research goal and objectives 12 
1.7 References 13 
2. The vulnerability to climate change of the Pyrenean ski resorts 23 
2.1 The Pyrenees and the snow tourism 23 
2.2 Climate changes effects on the future snowpack in the Pyrenees ski resorts 26 
   2.2.1  Future Natural snowpack changes in the Pyrenean ski resorts 27 
   2.2.2  Snowmaking effect on natural snow 31 
2.3 The vulnerability to climate change of the Pyrenean ski resorts 32 
   2.3.1  Natural reliability 32 
   2.3.2  Technical reliability 33 
2.4 Main points in review 36 
2.5 References 37 
3. A georeferenced Agent Based Model (ABM) to link the climate-induced changes on 
snow with the socioeconomic impact of on the winter tourism 41 
3.1 Agent Based Models (ABM) and socioecological systems 41 
3.2 Coupling physical changes on snowpack with socioeconomic impacts on the Andorran 
ski tourism industry. 42 
   3.2.1 Model description 42 
   3.2.2 Impact on ski season length 48 
   3.2.3 Impact on the number of skiers and their expenditure 50 
3.3 Main points in review 51 
3.4 References 52 
4. The climate change impact on the Pyrenees ski tourism: The regional effect of the 
individual skiers behavioral response to climate change 56 
4.1 A georeferenced ABM coupled to a gravity model to analyze shift in skiers distribution 
due to individual response to climate change 57 
4.1.1 Model description 57 
4.1.1.1 Overview 58 
4.1.1.2 Design Concepts 62 
4.1.1.3 Initialization 63 
4.1.1.4 Input data 63 
4.1.1.5 Submodels 63 
4.1.2 Model Validation 65 
4.2 Climate change impacts on the skiers attendance in the Pyrenean ski resorts 66 
4.3 Main points in review 70 
4.4 References 71 
	  	  
	  
	  
iv	  
5. Conclusion. The vulnerability of the Pyrenean ski resorts and the potential adaptation 
strategies 75 
5.1 The vulnerability form a local perspective 75 
5.1 The vulnerability form a regional perspective 76 
5.2 Ongoing and future research 79 
5.3 References 82 
 
APPENDIX A.  Articles 
APPENDIX B. Impact of the research on the media 
 
 
 
 
 
 
 
 
 
 
 
 
	  	  
	  
ABSTRACT 
 
Climate change has become no longer a conjecture but an objective reality. The increase 
of the global average temperature, the seas level rise or the increase in the frequency and 
magnitude of extreme weather events are some examples observed during the past century that 
have turned the global warming into a sharply contrasted evidence. In this context of climate 
change, mountain regions have been defined as especially vulnerable areas. The rapid retreat of 
glaciers and permafrost surfaces, the decrease of snow precipitations, the increase of natural 
risks such as landslides or the alteration in the amount and distribution of some species prove 
the high sensitivity of mountain ecosystems. Moreover, in many mountain economies, reliable 
snowpack plays a key role as an important resource for the winter tourism industry, one of the 
main income source and driving force of local development in such regions. For this reason, 
research on the effects of climate change on the snowpack depth and duration is particularly 
necessary in order to assess the potential socioeconomic impacts in mountain regions. On the 
other hand, in recent years and sometimes thanks to public subsidies and interventions, ski 
resorts are investing huge amounts of money in snowmaking infrastructures. By means of this 
policy, it is expected to offset the effect of climate variability and guarantee the snowpack 
necessary to assure reliable ski seasons every year. However, not all ski resorts will be able to 
offset or attenuate their vulnerability by means of snowmaking, either due to economic 
constraints or due to the severe environmental impacts related to this adaptation strategy. 
Moreover, a future rising of temperatures could constrain the efficiency and viability of these 
systems. If we focus on Andorra and the Pyrenees, there is a research gap due to a clearly lack 
of academic studies in this field. For this reason, it is not accurately known how climate change 
will affect the ski industry and which are the most suitable adaptation strategies for this specific 
region.  
The main goal of this research is to analyze how climate change could affect the snow 
cover and the snowpack in the Pyrenean ski resorts and to assess the resulting vulnerability of 
the ski industry of this region. In order to estimate future season length, changes in the 
snowpack depth and duration have been projected for each ski resort. Most of the available 
literature is focused on the demand-side impacts on ski industry. Even though several studies 
have pointed out the intrinsic importance of weather and climate for tourist decision-making and 
that behavioral adaptation of tourists due to spatial, temporal and activity substitution could 
exert a strong influence, no study has included this issue on the final output of the climate 
change impact assessments. Thus, the adaptive behavior of skiers to climate change has been 
included in the analysis in order to analyze the potential redistribution of visitors among the ski 
resorts due to heterogeneous climate change vulnerability. Based on the results, this study 
analyzes the suitability and sustainability of the adaptation techniques and strategies to offset 
the climate variability, first in a case study of Andorra in order to develop a preliminary model 
and finally extending the analysis to the whole Pyrenees in order to assess the potential 
concurrence among ski resorts with differentiated climate vulnerability and tourism 
attractiveness and the resulting redistribution of skiers based on their behavioral adaptation to 
climate effects.  
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Four different scenarios are considered. Two scenarios assume an increase of winter 
mean temperature of +2°C and +4°C respectively, taking into account only natural snow 
conditions. Two additional scenarios add the effect of snowmaking to enhance the natural snow 
depth and extend the skiing season in the +2°C and +4°C base scenarios. Results show differing 
vulnerability levels, allowing the classification of ski resorts into three distinct groups: (1) 
highly vulnerable ski resorts with a strong reduction in visitors attendance for all climate change 
scenarios, characterized by unfavorable tourism attractiveness and geographical conditions, 
making it difficult to ensure snow availability in the future; (2) low vulnerability ski resorts, 
with moderate reduction in season length during a high climate change scenario but no 
reduction (or even an increase) in a low one, characterized by ski resorts with a medium 
attractiveness and capacity to ensure enough snow conditions and capture skiers from other ski 
resorts; and (3) resilient ski resorts, with good conditions to ensure future snow-reliable seasons 
and outstanding attractiveness, allowing them to offer longer ski seasons than their competitors 
and potentially attracting skiers from other closed or marginal resorts. Ski resorts included in 
this last group increase their skier attendance in all climate change scenarios. Moreover this 
study intends to overcome the gap in literature about the influences of the demand-side when 
analyzing climate change impacts on winter tourism. In this way, although similar studies, only 
including supply-side changes, foretell a significant reduction of the ski market in the near 
future, this thesis projects a redefinition of the winter ski market due to a redistribution of 
skiers, from vulnerable ski resorts to more resilient ones.  
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1. Climate change, snow tourism and sustainability 
 
 
One of the big questions in the climate change 
debate: Are humans any smarter than frogs in a 
pot? If you put a frog in a pot and slowly turn 
up the heat, it won’t jump out. Instead, it will 
enjoy the nice warm bath until it is cooked to 
death. We humans seem to be doing pretty 
much the same thing. 
 
Jeff Goodell 
Fracking, Nukes and More 
 
 
1.1 Human-Environment interactions and Sustainability 
 
One main argument for studying socio-ecological systems is to advance the 
understanding of the dynamic interrelationship between various human and environmental 
factors, including impacts and responses to environmental changes. The surrounding 
environment, and how it changes over time, influences and constrains the development of any 
human activity. At the same time, human activities never are totally neutral to the environment, 
constantly changing its resources and its current state. Global environment has always evolved 
and changed throughout earth and human history due both to natural processes and humans 
interactions. However, in the last century the level and rate of change induced by human factors 
has grown exponentially, leading to an increase of the stress to the planet’s resources and 
ecosystems, exceeding its carrying capacity and jeopardizing the ability to sustain future 
generations (Meadows et al., 2004). In 1983, the UN General Assembly set up the World 
Commission on the Environment and Development (WCED) with the Norwegian Labour Party 
leader, Gro Harlem Brundtland as the chairperson. Our Common Future, better-known as the 
Brundtland Report, was the result of this commission with the aim of raising the awareness about 
the dangerous trend of increasing human impact on the environment and claiming for a 
“sustainable development which meets the needs of present without compromising the ability of 
future generations to meet their own needs” (WCED 1987). The report intended to set the 
principles of the Sustainability as the achievement of a balance between economic, environmental 
and social concerns by means of a holistic planning and strategy-making, preserving essential 
ecological processes, biodiversity, human heritage and based on a development able to be 
sustained over the long term for future generations. Based on intergenerational-intragenerational 
equity, the report supported the unlimited economic growth taking into account that indeed there 
are limits to physical growth (Dresner 2002). Since then, the concept of Sustainability has spread 
and evolved following different lines of thought, from more anthropocentric points of views, such 
as the Brundtland report, to more ecocentric ones, considering the carrying capacity of 
ecosystems as the main constrain to any kind of physical or economical growth (Daly and Cobb 
1990).   
Climate change, snow tourism and sustainability 
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1.2 Climate change 
 
The most paradigmatic example of how human activity can lead to a global 
environmental change is probably the present climate change. In the last decades the plausibility 
of a human-induced climate change has moved from a contentious conjecture to an objective 
reality. The sea level rise, the melting of the glacier caps, the increase of the global average 
temperature or the increase in the frequency and magnitude of extreme weather events are some 
examples noticed during the past century that have turned the global warming, even though still 
controversial, into a sharply contrasted evidence (IPCC, 2013).  
Throughout history, the planet Earth has always undergone periodic changes on its 
climate due to physical processes such as changes on the earths’ orbit, Milankovitch cycles 
(Milankovitch, 1998), the solar cycles, the movement of tectonic plates or driven by volcano 
eruptions (Weart, 2003). However, the rate and abruptness of present climate change has no 
precedent in the recorded history of planet earth (Weart, 2003). In recent years, scientific 
community agrees that this rapid change is due mainly to the enhancement of the natural 
greenhouse effect due to a human-induced increase in the atmospheric concentration of green 
house gases (GHGs), such as carbon dioxide (CO2) or methane (CH4). The presence of these 
gases in the atmosphere exert a greenhouse effect, being transparent to incoming solar radiation 
but absorbing and reflecting again the infrared radiation from the earth surface and resulting in 
the rising of the average surface temperature (figure 1.1).  
 
 
Figure 1.1. Climate system energy balance showing the most important 
mechanisms involved in the energy exchange between the lower atmosphere and 
the Earth’s surface, for example, the effect of greenhouse gas emissions and other 
forcing mechanisms on climate (IPCC, 2007). 
 
The shift in the atmospheric concentration of GHGs is highly correlated with the changes 
on the past average surface temperature of the planet earth and has been identified as one of the 
main forcing mechanisms for the earth climate. Figure 1.2 shows the correlation between the 
changes on the average surface temperature over the last 800.000 years obtained from Antarctic 
ice cores and the changes on CO2 concentration in the atmosphere.  
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Figure 1.2. The 800.000-year record of the atmospheric CO2 from the 
EPICA C and Vostok ice cores, and reconstruction of local Antarctic 
temperature based on deuterium/hydrogen ratios in ice and the CO2 
atmospheric concentration (Lüthi et al., 2008).  
 
In the past century, the rapid growth of economic activity, especially in the last few decades, and 
mainly the intensive use of fossil fuels led to an abrupt and dramatic increase of the atmospheric 
green house gases (figure 1.3). The combustion of fossil fuels, such as oil and coal are the 
principal sources of emission of these kinds of gases and have been identified as the most 
significant driver of the current climate change (IPCC, 2013). About half of cumulative 
anthropogenic CO2 emissions between 1750 and 2010 have occurred in the last 40 years. In 1970, 
cumulative CO2 emissions from fossil fuel combustion, cement production and flaring since 1750 
were 420 GtCO2. In 2010, that cumulative total had tripled to 1300 GtCO2. Emissions from 
forestry and other land use, also affecting atmospheric concentrations of GHGs, increased from 
490 GtCO2 in 1970 to 680 GtCO2 in 2010 (IPCC, 2013). 
 
 
Figure 1.3. Level of CO2 in the atmosphere, 1958-2007. Source: 
Scripps Institution of Oceanography. 
 
The Intergovernmental Panel on Climate Change (IPCC), the leading international body for 
the assessment of climate change, is devoted to gather and compile all the published research and 
release periodic updates of the current knowledge on climate change. Besides the understanding of 
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the past and recent changes, scientific community is continuously working on models able to 
project the future changes on climate. In this line, IPCC proposed different scenarios of future 
climate change based on different assumption for greenhouse gas and aerosol emissions, land-use, 
economic and technological development and other diving forces. Figure 1.4 shows projections of 
future global average surface temperature for various IPCC scenarios (Representative 
Concentration Pathways, RCP). Solid colored lines represent "most likely" trends; shaded regions 
represent "probable ranges". The gray bars on the right represent year 2100 temperatures for all 
four scenarios; the colored stripe represents the "best estimate", while the shaded gray region 
represents "likely ranges". The different scenarios and models predict temperature changes between 
one and more than four degrees Celsius by the end of this century. 
 
 
Figure 1.4. Projections of future global average surface temperature for various 
IPCC scenarios (IPCC, 2013).  
 
Temperature increases are expected to be greater on land than over oceans and at high 
latitudes than in the tropics and mid-latitudes. Moreover, heat waves will be more intense, more 
frequent and longer lasting in a future warmer climate. Cold episodes are projected to decrease 
significantly in a future warmer climate. Almost everywhere, daily minimum temperatures are 
projected to increase faster than daily maximum temperatures, leading to a decrease in diurnal 
temperature range. Decreases in frost days are projected to occur almost everywhere in the middle 
and high latitudes, with a comparable increase in growing season length. Higher average global 
temperatures will cause a higher overall rate of evaporation, resulting in higher overall rates of 
precipitation. The global water cycle will be enhanced, leading to more water vapor into the 
atmosphere falling back again as rain and snow. Changes in precipitation are expected to be more 
heterogeneous and uncertain that changes in temperature having a high temporal and spatial 
variability. Some locations could suffer and increase of rain and snow precipitations, while other 
could experience significant reductions. Moreover, models predict an increase on the frequency 
of extreme precipitation as well as a tendency for drying of the mid-continental areas during 
summer, indicating a greater risk of floods and droughts in those regions (IPCC, 2012).  
Proxy and instrumental data indicate that the rate of global sea level rise has accelerated 
during the last two centuries, making the transition form relatively low rates of change during the 
late Holocene (order tenths of mm yr-1) to modern rates (order mm yr-1). It is very likely that the 
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mean rate was 1.7 mm yr-1 between 1901 and 2010 for a total sea level rise of 0.19 m. Between 
1993 and 2010, the rate was very likely higher at 3.2 mm yr-1; similar high rates occurred 
between 1930 and 1950. The global sea has accelerated since early 1900s, with estimates ranging 
from 0 to 0.013 [-0.002 to 0.019] mm yr-2.  Regarding sea level rise projections, for an 
unmitigated future rise in emissions (RCP 8.5 scenario), IPCC now expects between a half meter 
and a meter of sea-level rise by the end of this century. The best estimate here is 74 cm. On the 
low end, the range for the RCP2.6 scenario is 28-61 cm rise by 2100, with a best estimate of 44 
cm. Now that is very remarkable, given that this is a scenario with drastic emissions reductions 
starting in a few years from now, with the world reaching zero emissions by 2070 and after that 
succeeding in active carbon dioxide removal from the atmosphere. Even so, the expected sea-
level rise will be almost three times as large as that experienced over the 20th Century (17 cm). 
This reflects the large inertia in the sea-level response – it is very difficult to make sea-level rise 
slow down again once it has been initiated. This inertia is also the reason for the relatively small 
difference in sea-level rise by 2100 between the highest and lowest emissions scenario (the ranges 
even overlap) – the major difference will only be seen in the 22nd century (IPCC, 2013). 
 Climate change will also affect biological systems and the global carbon cycle. 
Temperature changes affect the ecologic niches of many types of plants and animals. The 
geographical distributions or the lengths of growing seasons will be significantly affected by a 
climate change. All these changes in biodiversity amount and distribution can lead to significant 
impact both in wildlife and in agriculture species (IPCC, 2014).  
In spite the uncertainty in the level and the time horizon of the projected changes, 
especially at regional scale, the main trends of the potential shifts on the climatic system, and 
therefore the potential impacts, are better known. In this context, mountain regions have been 
identified as especially vulnerable areas to climate change impacts. The rapid retreat of glaciers, 
important changes in snowfall amount and frequency and shifts in biodiversity amount and 
distribution are some examples that demonstrate the sensitivity of mountain ecosystems (Messerli 
and Ives, 1990; Beniston 2003; IPCC, 2014). Moreover, in many mountain economies, reliable 
snowpack plays a key role as an important resource for the winter tourism industry, one of the 
main income source and driving force of local development in such regions (Beniston 2003; 
UNWTO, 2003; 2008; Saurí and Llurdés, 2010).  
 
1.3 Climate change in mountain regions 
 
Mountain regions are unique areas for the detection and the assessment of climate change 
impacts. In recent decades, a significant increase in temperature has been detected in the majority 
of the mountain regions around the world (Pepin and Seidel, 2005; Díaz and Eeischeid, 2007; 
Pepin and Lundquist, 2008; Ohmura, 2012). The temperature increase in these regions has been 
detected to be higher than global average change (Beniston, 2004; Esteban et al., 2012). Even 
though the uncertainties and the large regional variability, climate models project that temperature 
will continue to increase in coming decades (Ganguly et al., 2009). Mountain areas are expected 
to be particularly affected by high rates of warming and climate scenarios project a greater 
temperature rise in mountain than at lower altitudes (Giorgi et al., 1994; Bradley et al., 2006; 
Nogues-Bravo et al., 2008; Barrera-Escoda and Cunillera, 2011; ESCAT, 2012; SCAMPEI, 
2012) with consequent impacts on the accumulation and duration of mountain snowpacks (Adam 
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et al., 2009; García-Ruiz et al., 2011). This warming has been generally accompanied by a shift 
toward earlier snowmelt and declining snow accumulation (Mote, 2003; Barnett et al., 2005). 
Snow cover and snowpack respond also very rapidly to changes in the patterns of temperatures 
and precipitations. Many academic studies have identified and analyzed the changes in the 
seasonality and the amount of snow due to climate change (Brown and Robinson, 2011; Brown 
and Mote, 2009; Déry and Brown, 2007,	  López-Moreno and Serrano-Vicente, 2007). This change 
in snowpack dynamics is a consequence of the great sensitivity of snow to temperature increase, 
which causes a decreasing proportion of snowfall relative to rainfall, and an increase in available 
energy for snow melting. Increasing temperature could turn snow precipitation into more often 
rain precipitation in many temperate mountain climates (Rood et al, 2008). These changes in the 
snow cover and snowpack duration could strongly affect the water resources and the mountain 
biodiversity (IPCC, 2013). Ozenda and Borel (2001) have demonstrated that vegetation of snowy 
areas is more vulnerable to climate change because is more exposed to the drainage in summer. In 
many regions, especially those with a higher continental and Mediterranean influence, the 
increase in the temperatures and the frequency and severity of canicula periods, could enhance 
and move to early spring the melting of the snow cover (López-Moreno et al., 2008b).  
Moreover, the abrupt topography and the marked altitudinal gradient result in significant 
climate variations at short distances, affecting both physically and biologically the ecosystems of 
these regions. For this reason, mountains host a great biodiversity with strong transitions in 
ecotons, such as abrupt changes from vegetated lands to snow or ice lands (Whiteman, 2000). 
Furthermore, mountain ecosystems are often peopled with endemic species, isolated in small 
ecological niches in high altitude lands. Such systems, highly sensitive, will be, and they already 
are, highly affected by changes in the climatic patterns. For example, the detected rise of 
temperatures is moving the ecological niche of several mountain species to higher elevations, 
reducing the available land and consequently reducing its population or even leading to the their 
extinction (Peters and Darling, 1985; Hansen-Bristow et al., 1988; Cumming and Burton, 1996). 
Regarding to hydrology, the increasing temperatures will affect the temporality and the dynamics 
of the water cycle. Even though, the trend and the direction of precipitations changes due to 
climate changes are still uncertain and will vary significantly from one region to another. In this 
way, it is mainly expected that climate change would lead to an increase in the amount of rain 
precipitation and a decrease in the snow precipitation in mountain areas (Rood et al., 2008). 
However, there are also some studies showing that some high elevation locations could 
experience an increase of the snowfalls (López-Moreno, 2009). Shifts in the amount and 
temporality of precipitations will affect the runoff, the soil moisture, the water reservoirs or the 
level and frequency of draughts and floods (López-Moreno et al., 2008b). These changes will lead 
to impacts not only on the mountain regions but also in all those lowlands areas influenced by the 
basins depending on the mountain resources. Because mountain areas are the source of 
approximately 50% of the world rivers, climate change could have a strong economic and social 
impact in densely populated areas far away from mountains affecting the water availability for 
domestic uses, hydropower energy or industrial uses (Beniston 2003).  
  Another apparent proof of climate change in alpine spaces is the evolution of glaciers in 
the last century. Glaciers are a valuable indicator due to the high sensitivity to changes in the 
temperature and precipitation regimes and represent one of the most visible evidences of current 
climate change (Haeberli et al., 2005; Zemp et al., 2006). The volume of ice in the glaciers is 
based on the balance between the snow and the ice accumulation (input) and the melting, 
sublimation and separation of ice blocks (outputs). All these factors are regulated by temperature, 
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humidity, wind and other topographic factors such as the slope and the albedo of the ice 
(Fitzbarris et al., 1996). With the increase in temperatures due to climate change this balance has 
been strongly affected.  For example, the glaciers in the European Alps reached their recent 
maximum extent around 1850 (Holszhauser and Zumbühl, 2003; Haeberli et al., 2005). The 
overall are loss since then is estimated to be about 35% until the 1970s, when the glaciers covered 
a total area of 2.909 km2, and almost 50% by 2000 (Zemp et al., 2006). Total ice volumes in 
1850, 1970s and 200 are estimated to be about 200 km2, 100 km2 and 75 km2, respectively (Zemp 
et al., 2006). After 1985, an acceleration in glacial retreat has been observed, culminating in an 
annual ice loss of 5-10% of the remaining ice volume in the extraordinarily warm year of 2003 
(Zemp et al., 2005). Figure 1.5 shows the changes on the surface of the Austrian Hornkees glacier 
from 1905 to 2003 and Pasterze glacier from 1930 to 2000.  
 
(a)  
(b)  
Figure 1.5. Changes in the surface of the Hornkees glacier (a) from 1905 to 2003 and in the Pasterze Glacier (b) 
from 1930 to 2000, in Austria. Source: Gesellschaft für Ökologische Forschung. 
 
In the particular case of the Pyrenees, since 1945, it has been observed a rise in temperature of 
+1,3°C (Lavaud, 2008; Météo-France/ARPE, 2008). Moreover, since 1951 the days with more 
than 25°C have been significantly increased as well as the number and duration of droughts. Even 
though there is a high uncertainty and variability on the temporality and magnitude of projected 
changes, all model projections are congruent in the increase of temperatures in the Pyrenees both 
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for summer and winter seasons. Figure 1.6 shows the uncertainty and the potential range of future 
changes in maximum winter temperature under different emission scenarios and using different 
climate models. The projected temperature increases range from 1.1°C-1.9°C in the short-term to 
2.1°C-4°C in the long-term.  
 
Figure 1.6. Short (2020-2050), mid (2040-2070) and long-term (2070-2100) projected changes on 
the maximum temperature in winter (DJF) in different locations (colored dots) in the Pyrenees for 
different climate models and different emissions scenarios. Esteban from Météo-France 
(SCAMPEI, 2012) and AEMET (Brunet et al., 2009) in Pons et al., 2014. 
 
On the other hand, the projected changes in precipitation patterns are subjected to a higher 
uncertainty and spatial variability depending on the climate model used for the projections. This 
variability leads to very different and opposite effects on short distances, having subregions 
expecting an increase of the precipitations and others expecting significant or dramatic decreases. 
Although this variability in the expected precipitation patterns, the increased temperatures are 
expected to shift frequent snowfalls to more frequent rain precipitation, specially at low elevation 
areas. In this line, changes in temperature could be more influent than precipitation changes in the 
future snowpack and snow cover, specially reducing them in low elevation areas. López-Moreno 
et al., (2013) found that a change of +1°C was reported to cause a 20% reduction in accumulated 
snow water equivalent, and a noticeable shortening of snowpack duration. Etchevers and Martin 
(2002) found that an increase in the average temperature of +2°C could lead to a 25-50% decrease 
of the current snow cover of low elevations areas of the Pyrenees. In high elevation areas the 
expected change would be around -20% of the current snow cover. 
  
 Some other identified effects of climate change on the Pyrenees are the 85% of reduction 
in glacier surfaces since 1950, the increase in altitude of plant species in 3 meter per year since 
1971 or the 15 days earlier harvest in the eastern Pyrenees (OPCC). 
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Finally, the close relationship and interdependence between ecosystems and social 
systems in mountain areas turn these regions into highly dependent of the available natural 
resources and highly sensitive to their changes. Figure 1.7 summarizes the main climate change 
impacts in mountain regions and the close relationship between physical and biological changes 
and the resulting economical and social impacts. As previously indicated, changes in the water 
cycle could lead to impacts on the water availability for domestic, industrial or energy uses. 
Changes in biodiversity could lead to changes in the land productivity and agriculture habits 
(Beniston, 2003). However one of the main economic activities that would be affected by a global 
warming is the winter tourism, one of the main sources of income and development in many 
mountain regions.  
 
 
Figure 1.7. Climate change impacts on mountain regions. Source:  Beniston, 2003. 
 
1.4 Climate change and tourism 
 
Tourism is considered one of the most climate-sensitive economic activities. Most 
tourism destinations are dependent on climate and weather, such as sun or winter destinations 
(UNWTO-UNEP-WMO, 2008). The relationship between tourism and climate change is complex 
and occurs at multiple scales representing both a resource and a constraint for this industry (Scott 
et al., 2012) (Figure 1.8).  As De Freitas (2003) defined it there are three facets of climate acting 
as a resource for tourism: 
- The thermal component: Relates to the thermal comfort (air temperature, wind, 
solar radiation, humidity, metabolic rate, clothing and activity). 
- The physical component: Represents features such as wind and precipitation 
(rain/snow) that may limit the possibility for tourist activities or act as a physical 
annoyance. 
- The aesthetic component:  Refers to climate features that may influence tourists’ 
appreciation of a view or landscape. 
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The integrated effect of these facets has a significant influence both in the capacity to offer 
activities and the tourist decision-making process to travel and be engaged in any activity. 
Weather and climate are a key factor considered during travel planning, influencing not only 
tourist activity choices and expenditure but also the timing of travel. Furthermore the climate has 
a direct effect on the availability and distribution of environmental resources used as tourism 
resources such as biodiversity, snow, glaciers or water bodies. On the other hand, tourism 
industry is at the same time one of the main contributors to climate change accounting around a 
5% of the global Green House Gases (GHGs) emissions. These emissions are mainly due to 
transport and energy use for tourism infrastructures such as accommodation and those related to 
tourist activities (Scott et al., 2012).  
 
Figure 1.8. Interactions between socioeconomic/tourism systems and environmental/climate systems (Adapted from 
Scott et al., 2012). 
 
This strong relationship and interdependence between tourism and climate, previously 
discussed in the Djerba (UNWTO-UNEP, 2003) and Davos Declarations (UNWTO-UNEP-
WMO, 2008) led the United Nations World Tourism Organization (UNWTO), the World 
Meteorological Organization (WMO) and the United Nations Environment Program (UNEP) to 
identify climate change as the “greatest challenge to the sustainability of the global tourism 
industry in the 21st century” (UNWTO-UNEP-WMO, 2008). Since this milestone, academic 
literature and research about how future climate change will affect future distribution, patterns 
and tourism dynamics has grown rapidly covering many different kinds of tourism and regions 
across the world (Scott et al., 2012). In this context, winter tourism, highly dependent on a 
specially climate-threatened resource as is the snow, has been identified as one of the most 
climate vulnerable type of tourism (UNWTO-UNEP-WMO, 2008). 
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1.5 Climate change and winter tourism 
 
Even though climate and weather are only one of the factors affecting winter tourism, the 
close relationship between them turns the comprehension of the climate change impacts on winter 
tourism a key issue, being the adaptation to such changes one of the main challenges that some 
mountain areas will have to face in the next few decades (IPCC 2014; UNWTO-UNEP; 2003; 
Saurí and Llurdés, 2010). In this line, several governmental and intergovernmental reports have 
pointed out the fragility of winter tourism in different regions around the world to the projected 
changes on the temporality and availability of snow. These changes could have a significant 
social an economical impact resulting in a decrease on the viability and sustainability of winter 
activities, such as the ski industry (ACACIA, 2000; UNWTO-UNEP, 2003; UNWTO-UNEP-
WMO, 2008; IPCC, 2013; Saurí and Llurdés, 2010). Moreover, this industry has also been 
identified as one of the least prepared industries to deal with the climate change impacts (Scott, 
2012). 
In the late 1980’s and 1990’s, after a succession of winters with poor snow conditions, the 
firsts academic studies came out dealing with the climate change impacts on the ski industry. 
Since then, most of the winter tourism regions of the world have been analyzed, such as the 
European Alps (Abegg et al., 1996; Breiling & Charamza, 1999; Chaix, 2010; Elsasser & Bürki, 
2002; König & Abegg, 1997; Steiger, 2010, 2011, 2012; Steiger & Mayer, 2008; Uhlmann et al., 
2009; Endler and Matzarakis, 2011; Balbi et al., 2012), Canada (Lamothe & Périard, 1988; 
McBoyle & Wall, 1987; Scott et al., 2003, 2006, 2007; Shih et al., 2009), USA (Dawson & Scott, 
2007, 2010; Dawson et al., 2009; Lipski & McBoyle, 1991; Scott et al., 2008), Sweden (Moen & 
Fredman, 2007), Australia (Galloway, 1988; Hennessy et al., 2003, 2009, 2011; Bicknell & 
McManus, 2006), Japan (Fukushima et al., 2002) or New Zealand (Hendrikx & Hreinsson, 2012). 
Some of these studies, mostly focused on the supply-side impacts (ski operations), only modeling 
the natural snowpack at ski resorts (Uhlmann et al., 2009) or applying indicators that are not 
enough relevant to ski-area operations such as snow cover days, defined as 2,5 cm of snow 
(Lamothe & Périard, 1988), when in fact ski operators require 30-100 cm of snow to open a ski 
run. The only exceptions are a few studies using statistical relationships between snow depth and 
other climatological parameters (Moen and Fredmand, 2007; Galloway, 1988), most of them 
basing their estimations on physical snow models. One of the major limitations of these studies 
using statistical models is the omission of the effect of snowmaking on future natural snowpack. 
This limitation, not only found in statistical models but also in many other studies using physical 
snow models, is the main drawback found in most of the previous literature analyzing the 
vulnerability of ski resorts (Scott et al., 2012). This is a key point since these models cannot 
reflect the current operating realities of many ski resorts around the world. Nowadays 
snowmaking covers and supplies huge areas of ski resorts and the percentage of snow-machine 
covered runs increases every year (Steiger, 2008). The studies incorporating this issue (Scott et 
al., 2003, 2007, 2008, 2011; Hennessy et al., 2008; Steiger, 2010, 2011) found that the impacts on 
the different regions analyzed are lower than the impacts reported in previous studies considering 
only natural snow. Finally an alternative approach to the statistical and physical models to 
analyze the climate change impacts on the ski industry is the analogue approach. Temporal 
analogues use past and present experiences and responses to climatic variability, change and 
extremes to provide insight for vulnerability to future climate change (Ford et al., 2010). So far, 
this approach has been applied in a few studies in North America (Scott, 2006; Dawson et al., 
2009, 2001) and one in the Austrian region of Tyrol (Steiger, 2011). 
Climate change, snow tourism and sustainability 
	  
	  
	  
	  
	  
	  
12	  
Even though most of the studies are focused on the supply-side of ski industry, there is 
considerable evidence demonstrating the intrinsic importance of weather and climate for tourist 
decision-making, including motivations, destination choice and timing of travel, as well as 
experience (Scott & Lemieux, 2010). Changes in the spatial and temporal distribution of climate 
resources will have important consequences for tourism demand at various scales (Scott et al., 
2012).  One of the first studies analyzing the demand response of tourists to climate change 
(König, 1998) was based on a survey at Australian ski resorts. Respondents were confronted with 
a scenario in which ‘‘the next five winters would have very little natural snow’’. This survey was 
repeated by Pickering, et al. (2010), and the same scenario was also used in Switzerland by 
Behringer et al. (2000). Unbehaun, et al. (2008) also analyzed the tourist response to ‘several 
consecutive years of snow deficiency’. Steiger’s (2011) analyzed the impact of the record warm 
winter of 2006-07 in the Austrian Tyrol, finding that the number of skiers significantly decreased. 
Other studies (Dawson, et al., 2013; 2011; 2009) also show limited variation between responses 
during past conditions (observed behavior) and future seasons (stated behavior), indicating that 
behavioral adaptation to future climate change may be similar to what has been observed in recent 
analogously warm winter seasons (Scott et al., 2012). Although such studies raise the question of 
how ’very little snow’ is to be interpreted, all of them point out that behavioral adaptation of 
tourists due to spatial, temporal and activity substitution when poor snow conditions, could exert 
a strong influence on the final output of the climate change impact assessments. 
In spite of these limitations, and the heterogeneity of approaches used to analyze the 
climate change impacts on winter tourism, most of these studies are congruent indicating that 
climate change will lead to impacts such as ski season length reductions, loss of skiable areas and 
drop of visitors, both in low altitude and low latitude ski resorts. In this sense, from an operations 
perspective, the ski tourism industry is at risk due to the decreasing reliability of natural snow 
cover, the increasing shortening and variability of snow/ski seasons, the increasing need of 
snowmaking production to ensure a reliable season, and the decreasing snowmaking opportunities 
due to increasing marginal temperature conditions and costs to efficiently produce snow (Scott et 
al., 2012).  
 
1.6 Research goal and objectives 
 
In this context, even though the Pyrenees is the most important winter tourism region in 
Europe after the Alps and the expected shortening of the ski season and the reduction of the 
available snow, so far there is no academic research analyzing in detail the vulnerability of the 
Pyrenean ski industry to climate change. Due to this research gap it is not accurately known how 
climate change could affect the ski industry and which would be the most suitable adaptation 
strategies for this specific region and particularly for each ski resort (Saurí and Llurdés, 2010). 
The answer to these questions will be an essential factor in order to carry out a suitable 
sustainable future planning in the Pyrenees, not only of the ski industry but also of the current 
development model of this region. Even though the ski industry has led to an uneven regional 
development and economic impact as well as environmental impacts due to the marginalization of 
the primary sector (Lasanta et al., 2007, 2007b), this region is highly dependent on winter tourism 
industry being their residents well aware that climate change is presented as a future threat to 
snow availability and to future development of winter tourism related activities (March et al., 
2014).  
Climate change, snow tourism and sustainability 
	  
	  
	  
	  
	  
	  
13	  
The main goal of this study is to assess how climate change could affect the snowpack 
depth and duration in the Pyrenees and the potential effects on the ski industry of this region. 
Based on the results, this study analyzes the suitability and sustainability of the adaptation 
techniques and strategies to offset the climate variability in the Pyrenees. 
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2. The vulnerability to climate change of the Pyrenean ski resorts 
 
Chasing angels or fleeing demons, 
go to the mountains. 
 
Jeffrey Rasley 
Bringing Progress to Paradise  
 
2.1 The Pyrenees and its snow tourism 
 
The Pyrenees is an approximately 450 km long mountain range comprising the northern 
part of Spain, the southern part of France and the small country of Andorra (Figure 2.1). Altitude 
ranges from 300 m to more than 3000 m a.s.l. The climate of the Pyrenees is subject to an eastward 
transition from Atlantic to Mediterranean conditions. Moreover, macro-relief introduces a 
significant variability to the distributions of precipitation and temperature. The Foehn effect is 
frequently observed in the area, wet air masses are lifted up in northern slopes leading to drier and 
warmer conditions southward, significantly enhancing the differences in precipitation between the 
northern and southern slopes, and leading to higher temperatures on the southern side. In the 
mountains, annual precipitation exceeds 600 mm, reaching 2000 mm at the highest divides. Most 
of the annual precipitation falls during the cold season (December–March) in the Atlantic areas and 
during spring and autumn (April–June and September–November, respectively) in the 
Mediterranean regions. Summers are generally relatively dry in the Pyrenees (López-Moreno et al., 
2009). Based on García-Ruiz et al. (1986) and López-Moreno (2006) the thermal altitudinal 
gradient for the Pyrenees is around 0.63°C/100 m. Based on these gradients, the annual 0°C 
isotherm is confined to around 2900 m (Chueca-Cía et al., 2003). Between November and April, 
the 0°C isotherm is located at approximately 1600–1700 m a.s.l. (García-Ruiz et al., 1986), 
representing the level above which snow accumulates during these months. 
 
 
Figure 2.1. Topographic map of the Pyrenees. Source: NASA Shuttle 
Radar Topography Mission, NGDC ETOPO1 . 
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The Pyrenees is one of the most important winter tourism regions in Europe after the Alps. Among 
all the winter activities, alpine ski is the most important one in this regions in terms of visitors and 
revenues. Enclosing 49 alpine ski resorts, this region receives around 11 million of skiers per year 
(calculated average of the seasons 2009-2010 to 2012-2013) being Grandvalira, Baqueira Beret, 
Vallnord, Domaine du Tourmalet and Formigal the 5 resorts with more kilometers of runs (Figure 
2.2) and the highest skier attendance during the last 5 years (Figure 2.3). 
 
 
 
Figure 2.2. Kilometers of runs in the Pyrenean ski resorts 
 
 
 
Figure 2.3. Ski resorts of the Pyrenees. Bullets represent the average skier attendance at 
each ski resort from 2009-2010 to 2012-2013. 
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The elevation of the Pyrenean ski resort ranges from 1350 to 2700 m. a.s.l. with an average mean 
elevation around 1950 m a.s.l. (Figure 2.4).  
 
 
Figure 2.4. Altitudinal range of the Pyrenean ski resorts distributed by regions 
 
However, many ski resorts do not follow a linear altitudinal distribution and usually most of their 
ski areas are concentrated in the highest half of the elevation range. For example, if we have a 
closer look to the Andorran ski resorts, Pal-Arinsal, with a mean elevation of 2055 m, has most of 
its ski area between 1900 and 2200 m and in Arcalís and Grandvalira, with a mean elevation of 
2283 m and 2175 m respectively, the skiable area is concentrated between 2250 and 2500 (Figure 
2.5).  
 
 
Figure 2.5. Altitudinal distribution of the Andorran ski resorts. 
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2.2 Climate changes effects on the future snowpack in the Pyrenees ski 
resorts  
 
Many climate change studies have identified and analyzed the physical impacts and changes on 
ecosystems. However, the understanding of the relationship between these physical impacts on the 
environment and their human and social implications, such as socioeconomic impacts or human 
responses to climate changes, is still one of the main challenges in climate change science. The aim 
of this study is to relate the projected changes on snow conditions with future average winter 
season length for each ski resort of the Pyrenees as socioeconomic indicator in three different 
scenarios: one present scenario and two future scenarios representing a mid and a high climate 
change. Figure 2.6 shows the conceptual map with the main components of the model. The model 
includes regional climate change projections in order to simulate the future snowpack in the 
different ski resorts of the Pyrenees. Furthermore, the model includes a snowmaking module that 
simulates the effect of snow production systems in the enhancement of snow depth. Since data 
about small ski resorts of the Pyrenees are not available, 41 of the total 49 ski resorts were analyzed 
in the present study, representing more than 92% of the total present attendance of skiers in the 
region (DSF, 2012; Botti, 2013; ATUDEM, 2013; SkiAndorra). The remaining 8 ski resorts are 
very small ski areas (less than a couple or three of runs and a couple of ski lifts, often presented as s 
complementary activity of a hotel or nordic ski resort) for which information was not available.  
 
 
 
Figure 2.6. Conceptual map of the model linking regional climate change projections to forecast 
the future snowpack with season length in each ski resort.  
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2.2.1 Future Natural snowpack changes in the Pyrenean ski resorts 
 
 
In recent decades a significant increase in temperature has been detected in the majority of the 
mountain regions around the world accompanied by a shift toward earlier snowmelt and declining 
snow accumulation (Mote, 2003; Barnett et al., 2005). This change in snowpack dynamics is a 
consequence of the great sensitivity of snow to temperature increase, which causes a decreasing 
proportion of snowfall relative to rainfall, and an increase in available energy for snow melting 
(Rood et al., 2008). Thus, a change of +1°C was reported to cause a 20% reduction in accumulated 
snow water equivalent, and a noticeable shortening of the snow season in a small basin in the 
Pyrenees (López-Moreno et al., 2013). Despite the high uncertainties and large regional variability, 
climate models project that the temperature will continue to increase in coming decades (Ganguly 
et al., 2009). Mountain areas are expected to be particularly affected by high rates of warming 
(Nogués-Bravo et al., 2007), with consequent impacts on the accumulation and duration of 
mountain snowpacks (Adam et al., 2009; Hamlett, 2001; García-Ruiz et al., 2011, López-Moreno 
et al., 2013). Much research effort has been directed at assessing what environmental and 
socioeconomic effects a thinner snowpack of shorter duration might have, including on water 
resources availability (Barnett et al., 2005; Adam et al., 2009), the ecology of affected areas (Tague 
and Dugger, 2010; Trujillo et al., 2012), hydropower production (Finger et al., 2011) or the 
viability of ski resorts (previously cited). 
 
In order to estimate the future natural snow conditions at each ski resort the model uses 
regional projections of the daily snowpack in the Pyrenees during the 21st Century from López-
Moreno et al. (2009). This study simulates the snow depth and the snow duration running the 
GRENBLS, a Surface Energy Balance Model (Keller et al., 2005) with climatic inputs provided by 
the HIRHAM Regional Climate Model (Christensen et al., 1998). The seasonal evolution of 
snowpack is simulated representing average conditions over a surface area typical of a RCM 
employed during the EU PRUDENCE project, presented in an hourly basis and with a spatial 
resolution of 50 km2 (Christensen et al., 2002). The Surface Energy Balance Model (SEBM) for 
snow simulates the evolution of the snowpack based on the thermal fluxes affecting the snow 
(Figure 2.7). 
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Figure 2.7. Conceptual map of the variables and processes affecting the evolution of the 
snowpack and the energy fluxes modeled in a Surface Energy Balance Model for Snow. Source: 
Figure modified from Météo France. 
 
GRENBLS is a single-layer physically-based model driven by hourly input data of air 
temperature, dew point temperature, anemometer-level wind magnitude, precipitation, surface 
pressure, and incident solar radiation. The model computes the radiative fluxes from cloudiness 
data and the surface turbulent sensible and latent fluxes. The bulk heat and moisture transfer 
coefficients are parameterized according to Benoît (1977) based on the Monin–Obukov similarity 
theory. Surface temperature, soil moisture, and snow mass are prognostic variables. The energy 
budget also considers the energy change associated with the melting of frozen soil moisture and 
snow. The temperature of the snowpack is computed in a prognostic manner via heat storage using 
a force-restore method (McFarlane et al., 1992). Precipitation is considered as solid if air 
temperature is less than that of the triple point of water. Liquid precipitation on a snowpack induces 
snowmelt, and the melt water enters directly into the soil in liquid form. Snow is modeled as an 
evolving one-layer pack characterized by temperature Tsnow (K), mass Msnow (kg/m2), and 
density qsnow (kg/m3). The surface energy budget is computed over the snow cover at each model 
time step. The radiative and turbulent fluxes are computed first, followed by heat storage in the 
snowpack; if the latter value is positive and the snow temperature is below the melting point, the 
excess energy is first used to raise the temperature of the pack. Once the temperature reaches the 
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melting point, any additional excess energy is used to melt the snow. The age effect of the snow on 
snow density has been adopted following the ideas of Verseghy (1991). The snow density of the 
bulk snow layer increases exponentially with time from the fresh-fallen snow value, qsnow,min = 
100 kg/m3, to a maximum of qsnow,max = 300 kg/m3. In a similar manner, changes in snow 
albedo that accompany snow aging are parameterized as a time-decay function from an initial fresh 
snow albedo of 0.80. GRENBLS also incorporates total cloudiness as an input parameter. The 
model was run for a control period (1961-1990) and for two future emissions scenarios: the SRES 
A2 and B2 (IPCC, 2007) and for different altitudinal levels: 1500, 2000, 2500, and 3000 m a.s.l.. 
Outputs are Snow Water Equivalent (SWE) and snow depth series at hourly intervals at 20 points 
of the Pyrenees and at four different altitudinal levels (1500, 2000, 2500 and 3000 m a.s.l.). 
Between these altitudinal levels, the snow depth has been interpolated in order to simulate the 
snowpack every 150 m. Observed snow depth at a given location is strongly affected by local 
conditions (aspect, wind drift processes, etc.), whereas data derived from RCMs reflect the mean 
conditions of a 50 x 50 km grid cell. To assess the capacity of simulated snowpack with an energy 
balance model based on HIRHAM data to reproduce Pyrenean snowpack and its spatial 
distribution, mean daily snow depth recorded at four locations in the 1990s are compared with 
simulated snow series at the closest grid cells and at the altitudinal plane closest to the location of 
the observed records. (López-Moreno et al., 2009). The model has been calibrated with a control 
period and its performance is in good agreement with the overall snow depth and duration of the 
observed snowpack in the Pyrenees.   
 
Only Formigal presented a significant different behavior with the simulated data. In this case, the 
snowpack was modeled using the Cold Region Hydrological Model (CRHM; Pomeroy et al., 2007) 
with historical data from the nearest meteorological station to the ski resort, Izas (López-Moreno et 
al., 2013; 2013b). The CRHM platform uses a modular modeling object-oriented structure to 
simulate a comprehensive range of hydrological processes in mountainous and cold regions 
(including blowing snow, interception, energy balance snowmelt, and infiltration to frozen soils).  
 
The model simulations project that the snowpack in the Pyrenees will be strongly affected 
by projected climate change, with a marked decrease in snow depth and duration of snowpack. 
Different greenhouse gas emission scenarios (SRES) lead to significant differences in the severity 
of expected changes in snowpack, being at least twice as pronounced under the A2 scenario 
compared with B2. Noticeable spatial differences in the magnitude of simulated changes in 
snowpack are detected. Snowpack in the central and eastern areas of the Spanish Pyrenees is 
clearly the most strongly affected by climate change. The impact of climate change on snowpack is 
highly sensitive to the altitudinal gradient. The decrease in accumulated Snow Water Equivalent 
(SWE) at 3000 m a.s.l. is just 25% of that simulated at 1500 m. In the latest sectors under SRES A2 
and B2, Accumulated SWE is predicted to decrease by up to 78% and 44%, respectively, and the 
duration of the snowpack by 70% and 32% (figure 2.8). 
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Figure 2.8. Simulated changes in the duration of the snowpack according to climate change projected by the 
HIRHAM model under SRES B2 (left) and A2 (right) at different altitudinal planes: 1500 m a.s.l. (A), 2000 m 
(B), 2500 m (C), and 3000 m (D). Source: López-Moreno et al.,2009. 
 
The ski season length has been calculated applying a 30 cm threshold to the natural snowpack 
projections obtained from the snow model in the mean elevation of each ski resort. Because the 
altitudinal distribution of all the Pyrenean resorts is not available, the mean elevation is used as an 
indicator of the average snowpack available at each ski resort (Abegg et al. 2007, Scott et al. 2003, 
Scott & McBoyle 2007, Steiger 2010). The 30 cm threshold used to assess the future reliability is 
one of the most used criterions to assess the climate change vulnerability of ski resorts (Witmer, 
1986; Abegg, 1996; Scott et al. 2008; Steiger et al. 2010). In order to simulate the ski season 
length, those days with at least 30 cm of snow depth were those considered as open days. With 
these data the model computes how many days with minimum snow conditions are achieved to 
open the resort during a whole winter season. Figure 2.9 shows the mean control period (1961-
1990) and future snowpack in the average elevation (1900 m) of Ax 3 Domaines, a french ski resort 
located in the Midi-Pyrénées region with a mean elevation of 1850 m assuming a +2°C (equivalent 
to the B2 scenario for the period 2070-2100) and +4°C increase (equivalent to the A2 scenarios for 
the 2070-2100 period) in winter average temperature. 
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Figure 2.9. Mean control period (CP) and future snowpack (+2°C and +4°C) for Ax 3 Domaines ski 
resort at 1900 m. 
 
2.2.2 Snowmaking effect on natural snow 
 
Snowmaking is currently the main adaptation strategy to offsetting the natural variability of 
snow. It helps to guarantee enough snow depth, scheduled openings, and stable revenues but it is 
also a commercial and image strategy to extend the season with the aim to increase revenues 
(Steiger & Mayer, 2008). Over the last few decades, ski resorts across the world have invested 
significant amounts of money in snow production systems and the Pyrenean ski resorts are no 
exception to this global trend (Saurí and Llurdés, 2010). In this context, the model includes a 
snowmaking module in order to simulate the effect of the snowmaking systems in the enhancement 
of the snowpack in order to achieve a more realistic projection of the future ski season length. In 
this model only the snowmaking to ensure the minimum snow conditions has been simulated. 
Following the experience of technical staff in ski resorts, a daily minimum temperature threshold of 
-2°C has been used to compute the potential snowmaking days during a winter season. During 
these potential snowmaking days, it is assumed that a maximum of 10 cm per day can be produced 
to reach the 30 cm threshold. Thus, the natural snow depth is complemented with snowmaking 
following these criteria. Thus, the resulting season length will depend on the natural snow pack 
available and the potential snow produced by these systems. Figure 2.10 shows the enhancement of 
the natural snowpack at 1900 m in the Andorran ski resort of Pal following the defined parameters 
for a +2°C climate change scenario. The figure shows the importance to include this factor in the 
analysis. The presented resort, when considering natural snow alone would have only a short period 
with more than 30 cm of snow depth, but when including snowmaking most of the winter season 
will be above this threshold. 
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Figure 2.10. Snowpack in Pal assuming a 2°C increase of the winter average temperature enhanced with 
snowmaking when the 30 cm threshold is not achieved.  
 
 
2.3 The vulnerability to climate change of the Pyrenean ski resorts 
 
 Three different scenarios have been evaluated in order to analyze the vulnerability of the 
Pyrenean ski resorts to projected changes in future snowpack. The first scenario simulates the 
present average winter season while the other two simulate future snow depth assuming a +2°C in 
winter average temperature (equivalent to RCP 6.0 by the end of the century) as a mid climate 
change scenario and +4°C increase (equivalent to RCP 8.5 by the end of the century) as a high 
climate change scenario. Finally, in order to assess the technical reliability of each ski resort, the 
capacity of the snowmaking systems to extend the season length is included in the two climate 
change scenarios. 
 
2.3.1 Natural reliability 
 
 In order to analyze the natural reliability, the 30 cm threshold has been used to estimate the 
total number of open days per winter season. We assume that this threshold is the lower boundary 
in order to consider a ski resort as reliable. Thus, for each ski resort, season lengths have been 
analyzed taking into account the number of days during an average winter season in which this 
lower boundary is reached. Using the 100-day criterion  (Abegg 1996, Abegg et al. 2007, Chaix 
2010, Dawson & Scott 2007, 2010, Scott et al. 2003, Scott & McBoyle 2007, Steiger 2010, Witmer 
1986), the ski resorts reaching the 30 cm threshold at least 100 days per winter season are 
considered as reliable with natural snow conditions and non-reliable otherwise. Figure 2.11 shows 
as green points the ski resorts that offer natural reliability and as red ones those non-reliable, in a 
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present average winter season (a) and in the two future climate change scenarios assuming an 
increase of 2°C (b) and 4°C (c).   
 
 
 
Figure 2.11. Natural reliability of the Pyrenean ski resorts in a present 
average season (a) and the two future climate change scenarios: +2°C (b) 
and +4°C (c) of the winter average temperature. The size of the points 
represents the present average attendance in number of skier attendance 
during the control period.  
 
A high variability has been observed on the level of impacts at short distances, not leading to a 
significant regional pattern about the vulnerability of the Pyrenean ski resorts. In this line, we 
found that in the same region two resorts located at a really short distance can have significant 
different level of vulnerability. However, and congruent with previous cited literature, low 
elevation areas, with a predominance of south oriented slopes present a higher vulnerability. In the 
particular case of the Pyrenees, those resorts with a higher Mediterranean influence were identified 
as the more vulnerable to future climate change. Otherwise, those with a higher Atlantic influence, 
located at higher elevations and more north oriented were identified as the more resilient ones. 
 
2.3.2 Technical reliability 
 
 In the last few decades, ski resorts have made considerable investments in snowmaking 
systems as an efficient way to cope with the natural inter-seasonal variability of snowfall. Since 
this practice is also considered as one of the main current adaptation strategies to climate change, 
snowmaking has to be included if we want to achieve a more realistic assessment of climate change 
impacts. Including the capacity to produce snow in future climate change scenarios will also permit 
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to assess the suitability and the sustainability of this adaptation strategy. In snowmaking, the 
minimum temperature and the relative humidity are constraining parameters that characterize the 
capacity to produce snow. In this line, a threshold of -2°C in the minimum temperature has been 
used in order to model the potential snowmaking days in future climate change scenarios. Climate 
change will not only affect the available snow pack but also the potential days with the minimum 
temperature required to efficiently produce snow. Thus, the reliability of each ski resort 
considering the capacity to produce snow, the technical reliability, has been analyzed and 
represented in Figure 2.12. 
 
 
 
Figure 2.12. Technical reliability of the Pyrenean ski resorts in a present 
average season (a) and two future climate change scenarios assuming a 
2°C  (b) and s 4°C increase (c) of the winter average temperature 
 
Figure 2.13 shows the total percentage of the ski resorts in the Pyrenees resulting as naturally and 
technically reliable in our study. In the present, 83% of the ski resorts are naturally reliable in an 
average winter season. However, taking into account the capacity of snowmaking, 98% of the ski 
resorts of the Pyrenees are reliable during a present average winter season. In a future scenario, 
assuming an increase of 2°C of the winter mean temperature, this share would be reduced to the 
44% of the current ski resorts. In a more extreme climate change scenario, that is the scenario 
assuming an increase of 4°C, the total share of reliable ski resorts in the Pyrenees would be 
dramatically reduced to only the 7%. When analyzing the snowmaking capacity to offset the 
natural snow variability, that is the technical reliability, it is observed that these systems can largely 
enhance and extend the season length in medium climate change scenario, as is the 2°C increase. In 
this case, the share of technical reliable ski resorts is increased to the 85% of the current ski resorts. 
However, in a more intense warming scenario (4°C), only a residual effect of the snowmaking 
systems is observed, where no significant increase of the share of reliable ski resorts is projected. 
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Figure 2.13. Total number of naturally and technically reliable ski resorts in the Pyrenees.  
 
The results achieved in this first approach for the Pyrenean region are in congruence with the 
majority of studies published to date analyzing the climate change impacts on the ski resorts in 
different areas around the world such as Northeast USA where reductions on the season length 
have been projected around the 15% and the 41% (Scott et al, 2008), the 15% and 50% in Ontario 
(Scott et al, 2008), the 5% and 35% in Quebec (Scott et al, 2007b), or the 14% and 41% in Tyrol, 
Austria (Steiger, 2010) taking into account a medium-range and high emissions scenario 
respectively to cite some examples. Even though there is a high geographic variability of the 
vulnerability to climate change, the reduction of the ski season length is projected both in a 
medium range (+2°C) and a high climate change scenario (+4°C).  
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2.4 Main points in review 
 
The main points in review for this chapter are the following: 
 
• The snow model simulations project that snow depth and duration of snowpack in the 
Pyrenean ski resorts could be strongly affected by future climate change. 
•  Different climate change scenarios lead to significant differences in the severity of 
expected changes in snowpack. 
• A high geographic variability at very short distances is observed in the vulnerability of the 
Pyrenean ski resorts. 
• Snowpack in the central and eastern areas of the Spanish Pyrenees are clearly the most 
strongly affected by climate change.   
• Low elevated resorts with a higher Mediterranean influence and more south-oriented were 
identified as the more vulnerable  
• Ski resorts with a higher Atlantic influence, located at higher elevations and more north 
oriented were identified as the more resilient ones. 
• In the +2°C scenario snowmaking can significantly enhance the ski season length in many 
of the Pyrenean ski resorts. 
• In the +4°C scenario snowmaking capacity is significantly reduced because the increase of 
the minimum temperature, a constraining boundary to efficiently produce snow. Therefore, 
the effect of snowmaking systems is residual in this scenario.	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3. A georeferenced Agent Based Model (ABM) to link the climate-
induced changes on snow with the socioeconomic impact on 
the alpine ski tourism  
 
 
The purpose of models is not to fit the data 
but to sharpen the questions.  
 
Samuel Karlin  
11th R.A. Fisher Memorial Lecture, Royal Society, 20 
April 1983 
 
 
 
One of the most challenging issues in climate change is relating the projected physical impacts 
in ski areas to socioeconomic indicators, such as the shifts in skiers attendance or ski resorts 
revenues to a snow cover alteration (Dawson et al. 2009). This chapter presents a model coupling 
the physical impact of climate change such as future snowpack changes with the potential 
socioeconomic impacts on the winter tourism industry. The model analyzes the potential reduction 
due to climate change of the season length in the ski resorts of a region, in this particular case 
Andorra, as well as the subsequent drop in number of skiers and their expenditure. The 
methodology used is based on a georeferenced Agent Based Model (ABM) that takes into account 
the skiers response and the adaptive effect of snowmaking on future season length.  
 
 
3.1 Agent Based Models (ABM) and socioecological systems 
 
ABM, also known in some disciplines as Multi-Agents System (MAS), is defined as a 
simulation method in which autonomous and heterogeneous agents (i.e., individual people, animals 
or organizations) share a common environment and interact simultaneously both upon a landscape 
and among each other led by a self-interest or common interest (Berger & Schreinemachers 2006, 
Ligmann-Zielinska & Jankowski 2007, Torrens 2003). Spatially referenced ABM appears as a 
promising approach for exploring complex space-time dynamic interactions between coupled 
human and environmental systems and capturing emergent macro-level phenomena from micro-
level individual actions (Bousquet & LePage 2004, Deadman et al. 2004, Janssen 2009). In recent 
years, spatially referenced ABM have been used to analyze a broad spectrum of spatial phenomena 
such as the water and agriculture management (Bithell and Brasington 2009, Feuillette et al. 2003, 
Smajgl et al. 2009), the dynamics in ancient human and primate societies (Axtell et al. 2002, 
Janssen 2009), the land use and land cover change (Deadman et al. 2004, Manson & Evans 2007, 
Parker et al. 2003), the spatio-temporal movement of marine mammals and maritime traffic in the 
St. Lawrence estuary in Quebec, Canada (Anwar et al. 2007, Parrott et al. 2011), the residential 
segregation in a city (Crooks 2010) or the spreading of a pine beetle infestation (Perez & 
Dragicevic 2010). However, because of the novelty of this technique only few studies have applied 
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a georeferenced ABM to model tourism phenomena (Gimblett  & Skov-Petersen 2008, Itami et al. 
2002, Johnson & Sieber 2009, 2010, 2011).  
 
Georeferenced ABM can also be seen as a type of Planning Support System (PSS). This 
approach is well suited for scenario development, data analysis, problem diagnosis and policy 
comparison (Ligmann-Zielinska & Jankowski 2007, Johnson and Sieber 2011). Moreover, the 
enhancement and the understanding of the interplay between social and ecological systems such as 
human responses to environmental changes or the impact of their actions upon it can support the 
decision-making processes by involving cross-disciplinary knowledge (Smajgl et al. 2011).  
 
3.2 Coupling physical changes on snowpack with socioeconomic 
impacts on the Andorran ski tourism industry 
 
 
The main goal of this study is to test the capacity of a geo-referenced ABM to couple the 
physical changes due to climate change to the socioeconomic impacts on a restricted area. Using 
Andorra as case study, the model analyzes the impacts of climate change to ski industry in terms of 
ski season length reduction in selected ski resorts and the subsequent drop of skiers and their 
expenditure. Moreover, the scenarios generated by the model also take into account the effects of 
snowmaking on enhancing the snowpack and extending the future season length. In this way, more 
realistic scenarios are generated while the suitability and sustainability of this adaptation strategy 
can be assessed.  
 
3.2.1 Model description 
 
The model includes regional climate change projections in order to simulate the future 
snowpack on the different ski resorts of Andorra. A snowmaking module simulates the effect of 
snow production systems in the enhancement of the natural snowpack. The resulting snowpack at 
each ski resort will be the dynamic component of the environment upon the agents, in our model 
the ski visitors, will interact and take their decisions in basis of their internal state and the 
snowpack state (Figure 3.1).  
 
The model was implemented using the NetLogo software version 5.0 (Wilensky 1999) because 
it presents a good compromise between a user-friendly ABM programming environment and a 
powerful GIS extension for the study requirements. The following subsections describe the 
implementation of the main components of the model, that is, the environment and the agents.  
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Figure	  3.1.	  Conceptual	  map	  of	  the	  model	  	  
 
Environment 
  
The environment, that is the space upon the agents interact and respond to its changes, is 
implemented using four Geographic Information System (GIS) layers: (1) the limits of the country, 
(2) the entrance points (customs) to Andorra, (3) the main roads connecting the entrance points and 
(4) the access and the surface area of the three ski resorts: Grandvalira, Arcalís and Pal-Arinsal 
(Figure 3.2). This latter layer changes over time in basis of the snowpack conditions and 
determines the season length according to the daily snowpack available in the resort. The first three 
layers remain static during the simulation.  
 
 
 
 
Figure 3.2. Model interface with the GIS layers used as dynamic environment for the ABM.  
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Natural Snowpack and Season length  
 
The future natural snowpack at each ski resort is modeled using the methodology presented in 
the previous chapter to project changes in the daily snowpack of the ski resorts of the Pyrenees. 
Figure 3.3 shows the mean control period (1960-1990) and future snowpack (assuming a 2°C and 
4°C increase of the average winter temperature) at 2000 and 2500 m of elevation for the Andorra 
case study. The grey area marks the 30 cm threshold showing those days that the snowpack is 
below the minimum conditions. Once the snowpack reaches this 30 cm value, it is assumed that the 
ski resort is open.  
 
 
Figure 3.3. Mean control period (1960-1990) and future snowpack at 2000 and 2500 m. for the Andorra case study. 
 
The altitudinal distribution of each ski resort was identified in order to assign an altitudinal 
reference value to simulate the projected snowpack (figure 3.4). This value was approximated to 
the nearest altitudinal level from those defined in the López-Moreno et al. (2009) study (1500, 
2000, 2500 and 3000 m) at which most of the selected ski area is concentrated. We consider this 
criterion more suited than the usually employed mean elevation (Abegg et al. 2007, Scott et al. 
2003, Scott & McBoyle 2007, Steiger 2010) because many ski resorts do not follow a linear 
altitudinal distribution and usually most of their ski area are concentrated in the highest half of the 
elevation range. Therefore, because Pal-Arinsal has most of its ski area between 1900 and 2200 m, 
the 2000 m reference value has been assigned for this resort. In the same way, since most of the 
Arcalís and Grandvalira skiable area is concentrated between 2250 and 2500, the 2500 m value has 
been assigned for those ski resorts.  
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Figure 3.4. Digital Elevation Model of the Andorran Ski resorts 
 
Snowmaking module  
 
With more than 50% of the Andorran ski area now covered by snowmaking production 
systems, the model includes a snowmaking module simulating the effect of these systems in the 
enhancement of the snowpack in order to achieve a more realistic projection of the ski season 
length. In this model, only the snowmaking to assure the minimum snow conditions has been 
simulated following the same methodology described in the previous chapter. Figure 3.5 shows the 
enhancement of the natural snowpackat 1900 m following the defined parameters for a +2°C 
climate change scenario.  
 
 
 
Figure 3.5. Enhancement of the natural snowpack at 1900 m with snowmaking in a +2°C 
climate change scenario for the Andorran case study. 
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Entities and attributes  
 
Entities and attributes help to define an ABM (Grimm et al. 2006). An entity is a distinct or 
separate object or actor that behaves as a unit in the ABM and may interact with other entities or be 
affected by the environment. The current state of the object is characterized by attributes. An 
attribute is a variable that distinguishes an entity from other entities of the same type or category, or 
traces how the entity changes over time. In this model there are two main entities: the skiers, the 
agents of our model, and the ski resorts, which are fixed on the landscape. Skiers include the 
following attributes:  
 
• Point of entry to Andorra.  
• Visitor type (whether they are one-day visitors or overnight visitors).  
• Mean daily expenditure.  
• Destination ski resort.  
• Current location (coordinates at each time step that locates the agent in the map).  
 
All these attributes except the location are randomly assigned based on the real values and 
shares of these features obtained from the 2010 national tourism survey (Andorra Turisme, 2010). 
This survey represents a sample of 4010 international visitors and intends to capture the frequency, 
nationality, activities and accommodation preferences of Andorra visitors. The location coordinates 
attribute is updated throughout the simulation according to where the skier is at each time step. Ski 
resorts have the following attributes:  
 
• Ski season length in days.  
• State (whether it is open or closed).  
• Location coordinates.  
• Reference elevation.  
 
The location coordinates and reference elevation are based on the geographical features of each 
ski resort. The ski season length and the status of the resorts will change throughout the simulation 
according to the projected snowpack at the reference elevation of the ski resort described above.  
 
Process overviewing and scheduling  
 
This section defines the actions of each entity, in what order are these actions executed, and 
when the different state variables are updated. Figure 3.6 shows the main flowchart of the model 
actions during a simulation. The model starts simulating the snowpack and setting the ski season 
starting day, ending day and length at each ski resort according to both the selected climate 
scenario (present, +2°C or +4°C) and if the snowmaking module is activated or not. Once these 
variables have been computed, the model can set the state of the different ski resorts as open or 
closed for each day of the simulation. After that, a defined number of agents are created in order to 
simulate the daily arrival of skiers. The value of the daily number of arrivals will be different each 
month representing seasonality due to peak and holiday periods such Christmas and Easter. The 
changes in the daily rate have been set from the monthly statistics of tourist arrivals from the 
national tourism survey.  
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Figure 3.6. Model processes flowchart. 
Once these agents (skiers) have been created, they each follow the sequence described in 
Figure 3.7 to set the attributes value and perform the decision-making response in the model 
according to agent and landscape attributes. When the agent enters the simulation, it is randomly 
assigned to a custom of entry and a visitor type based on the real statistical share of the feature. 
Using values drawn from the tourism survey, the 73% of the agents will be randomly assigned as 
one-day visitors and the remaining as overnight visitors. If the assigned type is overnight visitor, 
the attribute length of stay is set to an average value of 3 days and a value of 1 if one-day visitor. In 
order to compute the daily and total expenditure of the skiers and simulating the difference of the 
mean expenditure in each type of visitor, the model assigns a value of 173 euros for overnight 
visitors and 110 euros for one-day visitors. In the same way, based on the attendance statistics, the 
agent is randomly assigned to one of the different ski resorts. As the type of visitors, all these 
parameters have been set with the statistical values obtained from the national tourism survey of 
Andorra (Andorra Turisme 2010).       
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Figure 3.7. Agents decision-making and attribute assignment flowchart. 
Once the model has created the daily number of agents and assigned a value to their attributes, 
the agent checks if the assigned ski resort is open or closed. If it is open, the agent moves to the ski 
resort. Otherwise, in this first version of the model, the agent leaves the country because there is no 
opportunity to ski in the selected ski resort. When all the agents have performed the decision 
making process the model computes the daily number of skiers at each ski resort and their total 
expenditure during the day. Finally the agents update their length of stay decreasing one day the 
value of this attribute. The agents with a new value of 0, that is, those that were one-day visitors or 
in the last day of their stay leave the simulation. In order to simulate a standard winter season, each 
time step in the model represents 1 day and simulations run for 151 days, from December 1st to 
April 30th, an entire winter season in Andorra.  
 
3.2.2 Impact on ski season length 
 
Four different scenarios have been run in order to analyze the future impact of climate change-
induced snow reductions on the Andorra ski industry. The two first scenarios assume an increase of 
the mean temperature of +2°C and +4°C respectively. The other two scenarios add the effect of the 
potential snowmaking on enhancing the natural snowpack and extending the season in the +2°C 
and +4°C base scenarios. The resulting season length and number of skiers in the three ski resorts 
of Andorra (Grandvalira, Arcalís and Pal-Arinsal) have been compared with the values of a 
reference period. The reference season length has been estimated as the average from 2000 to 2010 
seasons and the reference attendance of skiers as the average of 2009 and 2010 seasons (Andorra 
Turisme 2010).  
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During the reference season, the three ski resorts had an average season length between 139 
and 146 days. In the +2°C scenario only the ski resort of Pal-Arinsal, with most of its ski area at a 
lower elevation, around 2000 m, is affected by a 17% reduction of the season length, mainly at end 
of the season when snowfall is more erratic (Table 3.1). The other two resorts, with most of their 
ski area located at higher elevations (above 2200 m), are not affected by this particular climate 
change scenario (Figure 3.8). Comparing the results with the +2°C with snowmaking scenario it is 
noticed that the season reduction in Pal-Arinsal would be four times higher without snowmaking. 
In the +4°C scenario all three ski resorts would suffer serious reductions in their ski season length. 
The Pal-Arinsal season would be dramatically reduced in half, whereas the Grandvalira and Arcalís 
would suffer smaller season reductions (8%) at the end of the season. In the same way as +2°C 
with snowmaking scenario, adding snowmaking to +4°C scenario shows that these systems would 
help to alleviate these reductions. However, because the worsening of climate conditions will also 
limit the snowmaking capacity. In this scenario the season length is halved for Pal-Arinsal. 
Applying the 100-day rule, all three ski resorts would remain reliable in with an increase of +2°C, 
in the case of Pal-Arinsal, largely thanks to snowmaking. With an increase of +4°C, Pal-Arinsal 
would not be reliable even with snowmaking, whereas the other two resorts would remain reliable 
thanks to snowmaking. 
 
Figure 3.8. Ski days in an average winter season in Andorra with natural snowpack and including 
snowmaking in the control period and assuming a 2°C and a 4°C increase of the winter average 
temperature. 
  
Table 3.1. Projected changes in the ski season length at the selected 
minimum and maximum elevation for each ski resort. 
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3.2.3 Impact on the number of skiers and their expenditure 
 
The use of an ABM model to simulate the interactions between the environment (snowpack) 
and the skiers makes it possible to link the season length reductions at each ski resort with the drop 
of visitors at the regional scale in Andorra, and the related impact on expenditure in the country 
during a winter season. Table 3.2 shows the drop of the total number of skiers in Andorra under the 
different scenarios presented in the previous section. In the +2°C scenario, a small drop of the 
number of skiers and their expenditure is noticed because only the lowest ski resort is affected on 
the first and last week of the season. On the other hand, the +4°C scenario indicates a more severe 
drop (-20%) that would lead to a loss of skier-related revenue of approximately 50 M€ (value 
2009) per season. In this case, the two ski resorts with higher visitor numbers (Pal-Arinsal and 
Grandvalira) would be affected both at the beginning and at the end of the season rising the extent 
of the impacts. Finally, if snowmaking had not been taken into account in the analyses, the impact 
of the loss of skiers and their expenditure would be much higher, -14% and -50% for the +2°C and 
+4°C scenarios respectively.  
 
Table 3.2. Projected changes in the total number of skiers. 
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3.3 Main points in review 
 
The main points in review for this chapter are the following: 
• The georeferenced ABM methodology demonstrates potential to simulate the climate 
change impacts on the winter tourism and particularly to analyze the interaction between 
physical changes and socioeconomic implications. 
 
• This methodology permits to include the heterogeneity of the skier profile and the 
behavioral response, very important issues to take into account in this type of studies. 
 
• The reduction on the ski season length and the drop of the number of skiers has been 
shown to be relevant especially on the lowest elevations in the region of Andorra.  
 
• Snowmaking has a significant impact in Andorra on extending and providing reliable 
season lengths in low elevation areas with a mid-range climate change scenario and in high 
elevation areas both with a mid and high-range climate change scenarios.  
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4. The climate change impact on the Pyrenees ski tourism: The 
regional effect of the individual skiers behavioral response to 
climate change 
 
 
 
 
Today we know more about Jupiter than the guy who 
lives next door to us. We can predict where an election 
will go, we can turn a gene on or off, and we can even 
send a robot to Mars, but we are lost if asked to explain 
or predict the phenomena we might expect to know the 
most about, the actions of our fellow humans. 
… 
For all practical purposes, our behavior is random. 
Unpredictable. Episodic. Indeterminable. Unforeseeable. 
Irregular.  There’s only one problem with this 
assumption. It’s simply wrong. 
 
Albert-László Barabási  
Burst: The Hidden Pattern Behind Everything Do 
 
 
 
One main argument for modeling socio-ecological systems is to advance the understanding 
of dynamic correlations among various human and environmental factors, including impacts and 
individual responses to environmental change. In this chapter it is explored the shift in skier 
distribution amongst ski resorts taking into account the behavioral response of individuals due to 
the impact of climate change on snow conditions. This analysis is performed at a regional scale by 
means of a coupled gravity and georeferenced agent-based model. This regional approach 
permitted to assess the potential concurrence among ski resorts with heterogeneous climate 
vulnerability and tourism attractiveness and the resulting redistribution of skiers based on their 
behavioral adaptation to climate effects. Therefore, this regional approach allows a more realistic 
approach than an isolated analysis of the ski resorts. 
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4.1  A georeferenced ABM coupled to a gravity model to analyze shift 
in skiers distribution due to individual response to climate change 
 
In recent years ABM models have been identified as a promising methodology to analyze 
tourism dynamics (Baggio, 2008). First, because they model and characterize interacting human-
nature processes of heterogeneous individual behaviors that occur over space and time (Axtell, et 
al. 2002, 1996; Parker et al. 2003). In an ABM, tourist agents can be characterized with more 
realistic heterogeneous behaviors, governing activity, decision or accommodation preferences. For 
example, the visitor response to a ski resort closure, as well as his spatial preferences, such as travel 
distances. Second, this approach is well suited for scenario development, data analysis, problem 
diagnosis and policy comparison (Ligmann-Zielinska & Jankowski, 2007; Johnson & Sieber, 
2011). Since ABM facilitates the representation of individual-level spatiotemporal interactions, 
they are relevant to represent and understand the dynamics and characteristics of tourism. 
Many studies dealing with tourism are focused on how climate change will affect the 
supply side of tourism, such as resorts, facilities or season days (Scott et al., 2003, 2008; Becken, 
2005; Hoffmann et al., 2009; Steiger, 2010; Pütz et al. 2011). However, even though recent studies 
point out that behavioral adaptation of tourists due to spatial, temporal and activity substitution 
could exert a strong influence on the final output of the climate change impact assessments 
(Behringer et al., 2000; Dawson et al., 2011, Gössling et al, 2012; Dawson et al., 2013), there is no 
analysis of this issue in the literature. This study proposes a new approach to better understand and 
explore how the potential behavioral responses identified in previous studies could affect the final 
outcome of climate change impact assessment. In addition to the identified behaviors and responses 
of tourists to climate change, this framework could be also applied to explore the influence of 
tourist behavior and responses to other factors that could affect their dynamics such as energy and 
transport issues or the influence of crowding in destinations, once this information has been 
gathered.  
The shift in tourist distribution amongst Pyrenean ski resorts is modeled taking into 
account the behavioral adaptation of individuals due to the impact of climate change on snow 
conditions. This analysis is performed at a regional scale by means of a coupled gravity and a geo-
referenced agent-based model (ABM). Unlike many models used to date, this methodology 
includes behavioral responses and heterogeneity of winter tourists. The use of a geo-referenced 
landscape makes it possible to capture the intrinsic spatial features of tourism phenomena, such as 
ski resort location and travel distances between them. In addition, the ABM model is linked to a 
gravity model: the potential redistribution of skiers among ski resorts when some of these have to 
close due to poor snow conditions, depends on the attractiveness of each ski resort and the travel 
distance between them. 
 
4.1.1 Model description 
 
The “Overview, Design concepts and Details” (ODD) protocol, an accepted standard in 
ecological and social science literature, is used to formulate and describe the agent-based model 
(Grimm et al., 2006; 2010). The overview component of this protocol provides an explanation 
about how the model is designed. Purpose, entities and attributes are then described to define the 
ABM. The design concepts depict the essential characteristics of the model. Finally the details 
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section describes other information such as input data and submodels needed to understand 
reimplement and replicate the model. 
 
Figure 4.1. Conceptual map of the model linking the physical and the social variables. 
 
Figure 4.1 shows the conceptual map of the model. Climate projections of future snow 
depth and potential snowmaking capacity at the mean elevation of the resort as well as the daily 
attendance of skiers at each ski resort are used as input data for the model. Using this information 
the model simulates by means of a gravity model and an ABM, the future ski season length and the 
daily attendance of skiers at each ski resort at a regional scale. As case study, the ski industry in the 
Pyrenean region, including France, Spain and Andorra is analyzed (41 ski resorts).  
	  
4.1.1.1 Overview 
 Purpose 
 
The model is designed to explore questions about the shift in the skier distribution among 
ski resorts at a regional scale due to future climate change projections affecting local snow 
conditions at each individual ski resort. 
 
 Entities, state variables, scales and environment 
 
In this model there are 2 main entities: skiers, the agents of our model, and ski resorts, 
which are fixed on the landscape. Skiers include the following attributes:  
1) Assigned ski resort.  
2) Current location: coordinates at each time step. This internal information helps the 
software to locate the agent at a ski resort on the map at each time step. 
3) Adaptation strategy: whether skiers perform spatial or activity substitution when the ski 
resort is closed. 
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Ski resorts include the following attributes: 
1) Location coordinates. 
2) Season length in days. 
3) State: whether the ski resort is open or closed. 
4) Maximum capacity of daily skiers. 
5) Attractiveness (described in more detail in the submodels section).  
 
The simulation lasts for 151 time steps, the length of a standard winter season (from December 1st 
to April 30th), being the length of one time step equivalent to one day. 
The environment, i.e. the space where the agents interact and respond to its changes, is 
implemented using two GIS layers: (1) the 41 main ski resorts of the Pyrenees (representing around 
the 92% of the total skiers (DSF, 2012; Biotti, 2013; ATUDEM, 2013; SkiAndorra) and (2) the 
main roads connecting the ski resorts (Figure 4.2). The dimension of the points in this layer 
changes over time based on the daily attendance of skiers (the greater attendance the larger the 
point is shown) and the status attribute of each ski resort, that is, whether it is open or closed as a 
consequence of the daily projected snowpack conditions. The first 2 layers remain static during the 
simulation. 
 
Figure 4.2. GIS layers with the location of the roads and the ski resorts of the Pyrenees. Bullets represent the 
average skier attendance at each ski resorts (size of the bullet). 
 
 Process overview and scheduling 
 
Using the snowpack projections and potential snowmaking days based on future climate 
scenarios as input data, the model starts simulating the projected season length at each ski resort 
and updating daily if it is open or closed during an entire winter season (Figure 4.3). The aim of 
this framework is to allow snowpack and ski days simulations to be used and integrated into the 
ABM regardless of modeling approach used. In our particular case for the Pyrenees, these variables 
have been simulated using the projected changes in the Pyrenean daily snowpack during the 21st 
century by means of a Snow Energy Balance Model (SEBM) for the study area and coupled with 
technical parameters of ski resorts operation and snowmaking processes, presented in chapter 2. 
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Therefore, a ski resort is considered open as soon as it reaches the 30 cm threshold considering 
both natural snow and snowmaking. Snowpack projections are based on 2 future scenarios (+2°C 
and +4°C) for different altitudinal levels: 1500, 2000, 2500 and 3000 m.  
 
Figure 4.3. Processes involved in the model to simulate a ski season and the skier 
attendance at each ski resort based on the projected climate and snow scenario. 
 
Based on ski resort statistics and survey data of tourism activity, the model assigns the 
initial number of agents at each ski resort on the basis of the current distribution of skiers over the 
studied region. With only aggregated information about skier visits available from official regional 
ski associations or administrations statistics (DSF, 2012, ATUDEM, 2013, Botti, 2013), and also 
considering that many ski resorts do not easily or freely share skier numbers, deep research from 
more than 20 different local and regional newspapers, ski resorts periodical press releases and news 
websites was conducted to estimate the frequentation at 41 ski resorts of the Pyrenees from 2008-
2009 to 2011-2012. From this data, the average from the last 3 seasons was assigned as the average 
yearly skier visitation at each ski resort. To estimate daily attendance, a daily visitation curve of 
skiers was estimated in order to modulate the visitation based on holidays, weekends and working 
days. This issue is a crucial point to the model because the impact of reducing the ski season length 
is not the same if important holidays such as Easter or Christmas are affected (Steiger, 2013). 
Information on tourist visits on a daily basis was provided by the national tourism survey from the 
Andorran Government and statistics from the national tourism department (Andorra Turisme, 
2012) for the seasons 2008-2009 to 2011-2012. These surveys were used to develop the profile of 
the visitors and identify the daily number of skiers. Approximately 8000 visitors to Andorra 
respond to the national tourism survey every winter season and this information is linked to the 
observations of the total foreign vehicles entering the country. Table 4.1 shows the data and the 
sources used as input in the model. 
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Variable Source 
Snow depth projections  Lopez-Moreno et al. 2009 
Coordinates of the ski resorts 
GIS layer created by satellite imagery 
(ICC; SIGMA; Geoportail France; 
Google Earth) 
Ski resorts yearly attendance 
from 2008-2009 to 2011-2012 
seasons 
Ski Andorra; Atudem, DSF; Press 
reports and newspapers 
Total length of ski slopes Ski resorts official webpage 
Price of the day ski pass  Ski resorts official webpage 
Complementary activities Ski resorts official webpage 
Vicinity to commercial area 
GIS layer of cities and villages from 
France Andorra and Spain  (ICC; 
SIGMA; Geoportail France; Google 
Earth) 
Daily attendance curve of skiers Andorra Turisme; Estadistica.ad 
 
Table 4.1. Data and sources used in the model. 
To explore the emergent macro-level phenomena from micro-level individual actions and 
local conditions of ski resorts, the model implements the adaptation behavior of skiers through 
spatial and activity substitution. In one hand, skiers exerting activity substitution in response to 
changes on snowpack are assumed to stop skiing and shift to a different tourism activity. On the 
other hand, skiers exerting spatial substitution are assumed to seek for another open ski resort 
fitting their preferences. Different studies based on surveys (Behringer et al., 2000; Fukushima et 
al., 2002; Hamilton et al., 2007; Unbehaun et al., 2008; Dawson et al., 2011 and Pu ̈tz et al., 2011, 
Dawson et al, 2013) have identified the potential behavioral and adaptive response of skiers to poor 
snow conditions. On the basis of these results, the share of potential skiers performing a spatial and 
an activity substitution are identified and implemented in the model. Thus when a ski resort is 
closed, the decision-making process shown in Figure 4.4 is applied to each skier at a particular ski 
resort. These skiers perform an activity substitution and stop skiing when the ski resort where they 
would typically go skiing is closed. The rest of skiers perform a spatial substitution and are 
redistributed amongst the remaining open ski resorts in the region by means of a gravity model 
(described in depth in the submodels section) according to the attractiveness factor of each ski 
resort and the distance between the origin (in this study, the initially assigned ski resort) and the 
potential alternative resort.  
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Figure 4.4. Agent decision-making flowchart. 
 
4.1.1.2 Design Concepts 
 
The basic principle addressed by this model is the emergence of potential shifts in the 
current skiers distribution at a regional scale due to changes in local snow conditions. This concept 
is addressed by checking how behavioral adaptation of skiers affects the attendance at the local ski 
resort level, and at the regional scale, by means of the simulation of the potential redistribution of 
skiers. Skier agents do not implement any learning or prediction capacity and base their decisions 
solely on the objective of finding a ski resort with suitable snow conditions to support skiing. To 
achieve this objective, agents are sensitive to four variables: (1) current snow conditions, (2) travel 
distance between ski resorts, (3) an attractiveness factor of each ski resort and (4) their maximum 
daily capacity to host skiers. A stochastic process is used to randomly assign the choice of the 
adaptive behavior (i.e., whether the skiers exert an activity or a spatial substitution). Based on 
current snow conditions (i.e., the resort is closed due to insufficient snow conditions) agents have a 
5% probability to stop skiing. This probability is based on existing surveys (Behringer et al, 2000). 
Otherwise, skiers exert a spatial substitution and move to an alternative resort characterized by the 
gravity model. Movement to this alternative resort is restricted by its maximum capacity in order to 
simulate the influence of crowding. From interviews with ski resort managers, this maximum 
capacity was assumed as twice the maximum daily attendance during the reference season (average 
from 2008-2009 to 2011-2012). Although this is a subjective indicator we found it was more 
realistic than the use of the maximum lift capacity of the resorts. This involves an indirect 
interaction between agents, affecting the selection of the final destination. In this initial version of 
the model, no collectives have been implemented. However in further versions collectives could be 
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implemented in order to segregate the adaptation behavior and the preference choices of different 
profile of skiers such as expert skiers, beginners or families. These differences in preference and 
adaptation behaviors could also affect the potential redistribution of skiers among ski resorts.  
 
To observe shifts in the distribution of skiers at a regional scale, three different variables 
are analyzed as model output on a daily basis and for each ski resort: (1) number of attracted skiers 
when open, (2) number of skiers lost when closed due to insufficient snow depth and (3) total 
seasonal skier attendance.  
 
 4.1.1.3 Initialization 
 
The model is initialized for each future scenario with the projected season length of 151 
days, with attendance based on the present regional distribution of skiers. The present average 
distribution of skiers has been calculated as the average of the historical data of attendance for the 
winter seasons from 2008-2009 to 2011-2012.  
 
 4.1.1.4 Input data 
 
The input data of the model are (1) the current daily distribution of skiers at each ski resort 
and (2) the days with sufficient snow depth (30 cm indicator), in order to compute the season 
length during a winter season in different climate scenarios. 
 
 4.1.1.5 Submodels 
 
A gravity model, in analogy with Newton’s gravity law, is used to analyze the potential 
redistribution of skiers (spatial substitution) among the ski resorts of the whole region based on 
both the attractiveness of each ski resort and the travel distance between them when some ski 
resorts have to close due to poor snow conditions.  
Introduced in its contemporary form in 1946 (Zipf, 1946), but with roots that go back to the 
eighteenth century (Monge, 1781), the gravity law is a spread framework to predict population 
movement (Monge, 1781; Jung et al. 2008; Thiemann et al. 2010) cargo shipping volume (Isard, 
1960; Kaluza et al., 2010), inter-city phone calls (Krings et al., 2009), bilateral trade flows between 
nations (Pöyhönen, 1963) or migration processes (Kararema et al, 2000), just to name a few. The 
basic principle governing these models is that the shorter the distance between two objects and 
bigger their mass, the greater the gravitational pull between these two objects. Following this 
principle, the gravity law assumes that the number of individuals that move between locations i and 
j is proportional to the mass, i.e. the population of the source and inversely proportional to the 
distance to the potential destinations. 
The model we describe estimates the total number of skiers moving from a closed ski resort 
i to an open ski resort j (Fij) on the basis of an attractiveness factor (i.e., mass) of the potential 
destination resort (Gj) and the inverse of the distance between the origin i and destination resort 
(Dij), affected by a unique parameter α (Eq. 1). 
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     Fij = Gj / Dijα      (Eq.1) 
The attractiveness factor represents the capacity of each ski resort to attract skiers to their 
facilities. To model this feature, a statistical analysis was carried out using a set of 15 physical and 
socioeconomic variables that characterize the ski resorts. Amongst all variables, four were found to 
be the most significant in explaining the current redistribution of skiers (table 4.2). A regression 
model was used to identify the main variables that affect the current capacity to attract skiers and 
explain the present distribution in the region (Eq. 2). The model used, permits to explain almost 
90% of the current distribution of skiers on the Pyrenean region (R2 = 0,87; p-value < 0,001) based 
on four variables: (1) total length of ski slopes, (2) the mean cost of the daily adult ski pass, (3) 
whether or not the resort offers complementary activities to skiing, and (4) its location, near or 
distant from a large commercial area. This last qualitative binary variable assigns a value of 1 to 
those resorts with a commercial area (not only isolated stores) within a radius of 25 km. This 
indicator permits to identify those resorts with the ability to offer shopping as a complementary 
activity, a factor identified to have a high influence on tourists when choosing a ski resort (Andorra 
Turisme, 2012). All these factors are congruent with previous work that identified, through survey 
research, the most influential factors when choosing a ski destination (Dawson, 2009). 
               (Eq. 2) 
 
 Spearman's 
correlation coeff. 
with total skiers 
Sig. (2-tailed) Coeff. in 
regression 
model 
Skiable km 0,80 0,000 0,65 
Mean daily adult ski pass 0,78 0,000 0,16 
Near to a commercial center 0,60 0,016 0,17 
Complementary activities 0,55 0,019 0,11 
 
Table.4.1. Most significant variables explaining the current distribution of skiers in Pyrenean resort 
with the spearman’s correlation coefficient, level of significance and the coefficient value in the 
regression model. 
 
By applying the gravity model when a given resort is closed due to poor snow conditions, 
we calculate the potential number of skiers that will shift from this closed ski resort to the 
remaining open resorts. For instance, as Figure 4.5 shows, if the resort of La Molina is closed (in 
black), the biggest share of its skiers (46%) will shift to the nearest ski resort, Masella, due to the 
effect of the distance variable. However, due to the different attractiveness of the resorts, a share of 
the skiers will move to a further resort. Despite being much further away from La Molina, 
Grandvalira receives a significant share (11%), because of its high attractiveness factor.   
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Figure 4.5. Gravity model applied to the skiers of La Molina when it is closed. The size of the grey dots 
represents the percentage of skiers shifting from La Molina (black dot) to nearby resorts. 
4.1.2 Model Validation 
 
One challenge of this modeling approach is the validation process of the model results. 
Here we use an analogue approach (Dawson et al., 2009) to corroborate our results, since the 
outcome of the model are simulations of future skiers attendance based on projected ski season 
reductions. This approach looks for a past winter season with analogous climate conditions that 
could reproduce a similar situation as the projected future winter season. However, the low 
frequency in the occurrence of years with analogous conditions to future climate scenarios and the 
scarcity of detailed historical data on skiers attendance makes it difficult to carry out a good 
validation process. In this sense, the 2011-2012 season was found to be the one in the last ten years 
performing the closest climate situation to the +2°C scenario. During this season, the average 
minimum temperature in Andorra was 2.2°C over the value for the control period (1961-1990), 
most similar to the +2°C scenario. Thus, the +2°C with snowmaking scenario results are compared 
to the 2011-2012 skiers attendance, as a form of validation. 
 
Figure 4.6. Correlation between real skiers for the season 2011-2012 and 
projected skiers in the +2°C with snowmaking scenario.  
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Figure 4.6 shows correlated values between projected skiers in the +2°C The model explains 
remarkably well the real data behavior and no deviation trends are observed. In the resorts where 
the anomaly of temperature in the analogous year is closer to the projected scenario (central-eastern 
part of the Pyrenees) the observed error is less than 30%. This error can be explained partly by 
three main sources:  
1) Regional climatic models: there exists a lack of spatial resolution and an inherent 
uncertainty associated with regional climate models (Alexandru et al., 2007).  
 
2) Quality and quantity of historical data on skiers attendance are not always 
complete or the desired spatial scale. 
 
3) The model cannot explain temporal substitution (i.e., those skiers not performing 
spatial substitution, but shifting their skiing season depending on snow 
availability).  
This validation process could be used to assess the usefulness of the gravity approach (Eq. 1). This 
method relies on adjustable parameters to fit empirical data that vary from region to region (Isard, 
1960). In this sense, distance Dij is one of the main variables that can be tuned by means of an 
exponent a (i.e. Dijα). The best fit result is obtained with  α = 0 (R2 = 0.999), which implies that, in 
this particular case study, distance was not a significant influence in explaining the final 
distribution of skiers. We believe this is due to the very particular characteristics of the ski resorts 
and the climate of the Pyrenean region, which implies that, in future climate scenarios, skiers are 
redistributed mainly amongst those resilient (and limited in number) resorts, which are additionally 
the more attractive ones. Redistribution options for skiers are reduced and so is sensitivity to alpha 
in Dijα. Furthermore, a limitation in this study is that the distance considered is not the distance 
from the skier home origin to the potential destination but rather the distance between potential 
destinations. When the model is run under less severe conditions (i.e., both more homogenous 
attractiveness and heterogeneous variability in the projected season length reduction), α becomes 
a significant parameter. Therefore, α should be considered and properly tuned in order to apply 
this model to other regions.  
 
 
4.2  Climate change impacts on the skiers attendance in the Pyrenean 
ski resorts 
 
 Four different scenarios were run to analyze the redistribution of future skiers among the 
Pyrenean ski resorts induced by climate change-related snow reductions. The two first scenarios 
assume an increase of the winter mean temperature of +2°C and +4°C respectively, taking into 
account only natural snow conditions. The other two scenarios add the effect of the potential 
snowmaking on enhancing the natural snow depth and extending the ski season length in the +2°C 
and +4°C base scenarios. Figure 4.7 shows the attractiveness factor and the projected number of 
skiers in a present mean winter season and for two future scenarios: assuming an increase of +2°C 
and +4°C of the winter mean temperature and taking into account only the natural snow depth to 
compute the ski season length. Two different groups of ski resorts with different attendance 
patterns can be identified. For most of the ski resorts (≈ 70%), a slight decrease in skier attendance, 
less than 25%, is projected for a +2°C scenario and a significant decrease, between 50% and 100%, 
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for the +4°C scenario. However, only few resorts are able to increase the number of visitors in both 
future scenarios due to both a lower climatic vulnerability and a higher touristic attractiveness 
compared to their competitors. On the other hand, the current relationship between the 
attractiveness factor of the ski resorts and the total attendance of skiers per year is almost linear 
(black line in Figure 4.7). In a climate change-induced future, this relationship becomes 
increasingly non-linear (dashed line in Figure 4.7).  
 
 
Figure 4.7. Attractiveness factor and changes in total number of skiers for each ski resort in three 
different scenarios: a mean present winter season and assuming an increase of +2°C and +4°C of 
the winter mean temperature. 
Figure 4.8, shows the attractiveness factor and the projected number of skiers in a present mean 
winter season and for two future scenarios: assuming an increase of +2°C and +4°C of the winter 
mean temperature and taking into account the capacity of snowmaking to increase season length.  
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Figure 4.8. Attractiveness factor and changes in the total number of skiers for each ski resort in 
three different scenarios: a present winter season and assuming an increase of +2°C and +4°C of 
the winter mean temperature taking into account the contribution of snowmaking. 
In this case, three different groups of ski resorts can be identified based on the projected changes to 
skier attendance and resort attractiveness. The first group of resorts, characterized with a low 
attractiveness index value, show a slight reduction in future attendance for the +2°C scenario, and 
in some cases keeps the current attendance of skiers. With this group of resorts, despite taking 
snowmaking into account, significant decreases in skier visitation are projected for the +4°C 
scenario. The second group of ski resorts, generally with a medium attractiveness index value, are 
able to increase their attendance in the +2°C scenario but not in the +4°C, where decreases are 
projected. Finally, the third group, typically with a higher attractiveness index, shows opposite 
behavior to the first group, being able to increase future attendance in both scenarios. This 
demonstrates an outcome of highly attractive ski resorts consolidating their dominant position at 
the expense of less attractive ski resorts, that may be struggling to adapt to changing snow 
conditions. Figure 4.9 shows an example of a ski resort classified in this third, ‘resilient’ group 
with a high attractiveness index and privileged geographical conditions. This resort has a high 
capacity to attract the skiers from the more vulnerable resorts located in the surrounding area.  
However, in snowmaking scenarios, the capacity to attract is reduced. In the +2°C scenario with 
snowmaking, the vulnerability of surrounding ski resorts is lower and therefore competitiveness is 
more evenly distributed among resorts. In the +4°C scenario with snowmaking this effect is not as 
evident due to the reductions of the potential snowmaking days. 
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Figure 4.9. Yearly skier attendance in a resilient ski resort in different climate change scenarios 
with and without behavioral adaptation of skiers. 
Regarding the relationship between the attractiveness factor and the total skier attendance in future 
climate change scenarios, a non-linear pattern is also observed when considering the effects of 
snowmaking (Figure 4.8). However, although increases in skier attendance are seen with every 
increase in attractiveness factor, snowmaking leads to a flattening of the curves with respect to the 
natural snow scenario, mainly in the +2°C scenario. In the case of the +4°C scenario, this effect is 
less significant since in a high climate change scenario, the effect of the snowmaking to enhance 
the season length is lower due to fewer potential snowmaking days available in the Pyrenean ski 
resorts. This change from an almost linear to an exponential relationship between the attractiveness 
and the total attendance of most of the analyzed ski resorts, results in an increase of the distance 
between the resilient and the vulnerable ski resort groups.      
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4.3  Main points in review 
 
The main points in review for this chapter are the following: 
 
• The individual behavioral response of skiers has a significant effect on the assessment of 
the impact of climate change on the ski industry at a regional scale. In this case for the 
Pyrenees. 
 
• By means of a gravity model, including the attractiveness of each ski resort, characterized 
by structural and supply features, and the distances between ski resorts, it is possible to 
project the potential redistribution of skiers. 
 
• This attractiveness factor is found to affect the vulnerability of each ski resort. Ski resorts 
able to offer longer ski seasons compared to other ski resorts, plus having a high 
attractiveness factor are considered to be the most resilient to climate change impacts. 
 
• Due to the low frequency in the occurrence of years with analogous conditions to future 
climate scenarios and the scarcity of detailed historical data of skier attendance at each ski 
resort, the validation of the model results is a central challenge to the modeling process.	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5. Conclusion. The vulnerability of the Pyrenean ski resorts and the 
potential adaptation strategies  
 
 
It’s always further than it looks. It’s always taller than it looks. 
And it’s always harder than it looks. 
Mountaineering proverb 
 
At the beginning of this PhD Thesis several questions were formulated. These were mainly 
concerned with the vulnerability of the Pyrenean resorts to future shifts on the snowpack due to 
climate change, the potential socioeconomic implications of these changes on the local and regional 
economies and the suitability and sustainability of the potential adaptation strategies. Our goal in 
this work has been to try to answer them by means of an integral assessment, analyzing the 
physical vulnerability, the social vulnerability and creating a new framework to couple the physical 
changes on the snowpack of ski resorts with the socioeconomic dimension of the winter tourism 
industry including the individual behavioral adaptive response of skiers. Even though this research 
has partially answered these questions, it also has remarked and given some insight about the high 
uncertainty and limitations when trying to assess future climate change impacts on winter tourism 
leading to new research questions and new lines to investigate. Even though, the results of this 
thesis intend to give some insight and raise the awareness among the different stakeholders 
involved in the winter tourism industry of the Pyrenees. 
 
5.1  The vulnerability from a local perspective 
 
The results achieved in this first approach for the Pyrenean region are in congruence with the 
majority of studies published to date analyzing the climate change impacts on the ski resorts in 
different areas around the world. Even though there is a high geographic variability of the 
vulnerability to climate change, the reduction of the ski season length is projected both in a 
medium range (+2°C) and a high climate change scenario (+4°C).  
 
 On the other hand, the effect of the snowmaking systems to offset the natural variability of 
the snowpack has been assessed in order to identify the technical reliability of each ski resort. 
Remarkable results have been found when exploring snowmaking capacity in the two different 
future climate change scenarios considered in this study. Assuming an increase of 2°C, it is 
observed that snowmaking can significantly enhance the ski season length in many of the Pyrenean 
ski resorts. In this scenario the double of the ski resorts are reliable (85%) due to snowmaking 
systems compared with the natural reliability (44%) representing a softening on the total decrease 
of skiers in the Pyrenees around the 17%. However, in a more intensive climate change projections, 
such as the 4°C increase scenario, the snowmaking capacity is significantly reduced. Due to an 
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increase of the minimum temperature, a constraining boundary to efficiently produce snow, the 
minimum conditions are only reached few days during an average winter season. The effect of 
snowmaking systems in this scenario is residual, increasing the reliability in only very few ski 
resorts of the Pyrenees. Thus, snowmaking systems can be considered as a suitable strategy to cope 
with climate change and inter-seasonal snow variability in the Pyrenees only as long as climate 
change remains limited to +2°C. Moreover, high economic costs and environmental burdens are 
associated with this adaptation measure turning the externality assessment a key issue to better 
characterize the future sustainability of this strategy (Hahn, 2004; Scott & McBoyle, 2007; Steiger 
& Mayer, 2008; Steiger, 2012; Rixen et al., 2011).  
 
 Moreover a high geographic variability is observed in the vulnerability of the Pyrenean ski 
resorts. These significant changes on the level of impacts at very short distances lead to the 
observation of no significant regional pattern about the vulnerability. We have found that in the 
same region there can be two resorts located at a really short distance with significant different 
level of vulnerability. However and congruent with previous cited literature, low elevation areas, 
with a predominance of south oriented slopes present a higher vulnerability. In the particular case 
of the Pyrenees, those resorts with a higher Mediterranean influence were identified as the most 
vulnerable to future climate change. Otherwise, those with a higher Atlantic influence, located at 
higher elevations and more north oriented were identified as the more resilient ones. Due to the 
lack of available data, in this first approach only the future projected snowpack at the mean 
elevation has been considered to assess the reliability of each ski resort. However, some other 
physical and geographical local factors such as the altitudinal range distribution, the wind exposure 
or the surrounding orography play a key role in the availability and spatial distribution of snow in 
mountain areas. This issue, added to the scarcity of high-resolution regional climate models for the 
whole area of study, turns the improvement of the accuracy in the snow cover and snowpack 
projections at each ski resort one of the main challenges for further work.  
 
5.2 The vulnerability from a regional perspective 
 
The last objective of this research was, by means of a georeferenced Agent Based Model 
(ABM), the exploration of shifts in skier distribution amongst ski resorts at a regional macro-scale, 
due to changes in local snow conditions as a result of future climate change projections. To date, all 
studies analyzing the climate change impacts on ski resorts have assessed the potential reductions 
of skiers separately for each ski resort. This previous approach led in all the projected scenarios to a 
decrease in skier attendance for all the ski resorts (i.e., Scott et al. 2003, 2008, Dawson et al. 2009, 
Steiger 2010, Pons-Pons et al. 2012). In contrast with these studies, the approach presented here 
shows that the vulnerability of the ski resorts within the same geographical region can be affected 
by the response of skiers to poor snow conditions or closures of the ski resorts. The agent-based 
model permitted the inclusion of the individual behavioral response of skiers by means of an 
activity or spatial substitution when their typically frequented ski resort was closed due to poor 
snow conditions. A new variable, the attractiveness of each ski resort, was included in the analysis 
of the climate change impacts on the winter tourism. By means of a gravity model, this variable, 
characterized by structural and supply features of each ski resort, allows, together with distances 
between ski resorts, to project the potential redistribution of skiers. This attractiveness factor is 
found to affect the vulnerability of each ski resort. Ski resorts able to offer longer ski seasons 
compared to other ski resorts, plus having a high attractiveness factor are considered to be the most 
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resilient to climate change impacts. 
The second parameter of the gravity model, the travel distance between ski resorts was 
found not to be significant in the particular case study of the Pyrenees. In this case, the shifting 
options for skiers, and consequently the sensitivity to alpha factor were highly reduced due to the 
resulting configuration of vulnerable and resilient ski resorts to climate change. Redistribution 
options for skiers are reduced and so its sensitivity to alpha in Dijα. Thus, the effect of distance is 
hidden because the amount of skiers shifting to these resilient resorts is low regarding the current 
high frequentation of these ones.  Even though distance effect has not a significant impact on the 
total distribution, it actually has an impact on the reallocation of skiers (skiers moving because ski 
closures) shifting from one ski resort to another one. Furthermore, a limitation in this study is that 
the distance considered is not the distance from the skier home origin to the potential destination 
but rather the distance between potential destinations. When the model is run under less severe 
conditions (i.e., both more homogenous attractiveness and heterogeneous variability in the 
projected season length reduction), α becomes a significant parameter. Therefore, α it should be 
considered and properly tuned in order to apply this model to other regions.  
The inclusion of this issue, and complementing the physical vulnerability with 
socioeconomic factors such as the touristic attractiveness of each ski resort permitted to reach an 
integral assessment of the local vulnerability at each ski resort and the regional effect on the 
Pyrenean tourism industry. The result of this analysis allowed the classification of the ski resorts in 
three different groups of vulnerability (Figure 5.1). A first group consists of highly vulnerable ski 
resorts that will suffer reduction on its attendance of visitors in both mild and strong climate change 
scenarios. This group is usually characterized by geographical conditions that make it difficult to 
ensure a snow-reliable season, such as low elevation (Steiger, 2010; Pons-Pons et al, 2012), south 
oriented areas, with a predominant Mediterranean influence (Lopez-Moreno et al., 2009) and also a 
low touristic attractiveness compared to other nearby competitors. A second group consists of low 
vulnerability ski resorts that will suffer a reduction in attendance under a strong climate change 
scenario, but not in a mild one, where these resorts would keep their current level of skier 
attendance or even increase it. This group is usually characterized by ski resorts with medium 
capacity to assure enough snow and a medium attractiveness factor to capture skiers from other 
closed ski resorts. Lastly a third group consists of resilient ski resorts, with good conditions to 
assure future snow availability (high elevations, north oriented slopes, more Atlantic influence  and 
with a high attractiveness factor, which makes them able to offer longer ski seasons than their 
competitors and to attract skiers from closed ski resorts. Ski resorts classified in this group will 
increase their skier attendance in both mild and high climate change scenarios. In this context, 
technical adaptation strategies such as slope management, cloud seeding or snow making could be 
suitable for the most resilient ski resorts and for low vulnerable in a mid-climate change scenario. 
However, these adaptation measures could not be enough for the high vulnerable in any future 
climate change scenario and in a more intense climate change scenario for the low vulnerable 
resorts. In this case, structural adaptation strategies such as activity and revenue diversification, 
with more oriented summer activities should be considered and implemented as soon as possible.  
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Figure 5.1. Clustering of the ski resorts of the Pyrenees in 3 groups: high vulnerable, low 
vulnerable and resilient. (In order to present a clearer figure only a few resorts of the 
Pyrenees are shown in the figure).  
Due to the low frequency in the occurrence of years with analogous conditions to future climate 
scenarios and the scarcity of detailed historical data of skier attendance at each ski resort, the 
validation of the model results is a central challenge to the modeling process. Despite this 
constraint, the error of the model is acceptable for a first stage of development. There are several 
key sources of error that can affect the model outcomes.  
 
• First, there is inherent error of the snow cover and snowpack regional model used 
and its resolution to capture enough local variability.  
 
• Second, because of high competition between ski resorts, there is limited 
availability of the skier attendance data, and its reliability should be questioned. 
This unreliability of resort-sourced data is an issue that could compromise the 
comparison of projected skiers attendance with the analogous year.  
 
• Finally, since there is no Pyrenean survey so far capturing the adaptive behavior of 
skiers when confronted with poor snow conditions, results of surveys from 
different studies in the Alps (Behringer et al., 2000) and USA (Dawson, 2011) 
were used. In addition to the share of temporal substitution, not taken into account 
in this study, this issue could also introduce a significant error to the model 
because the dynamics and the response of the Pyrenean tourists may be different. 
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5.3 Ongoing and future research 
 
Throughout the research conducted during these years new paths have been discerned. Most 
of them seek to overcome the main limitations of the methodology and results presented and 
discussed within these lines while others could complement and give new insight in this field.  
 
• Analysis of the externalities of snowmaking in the vulnerability and impact assessment 
Snowmaking systems can be considered as a suitable strategy to cope with climate change and 
inter-seasonal snow variability in the Pyrenees only as long as climate change remains limited 
to +2°C. In snowmaking, the minimum temperature and the relative humidity are constraining 
parameters that characterize the capacity to produce snow. In this line, a threshold of -2°C in 
the minimum temperature has been used in order to model the potential snowmaking days in 
future climate change scenarios. Climate change will not only affect the available snow pack 
but also the minimum temperature required to efficiently produce snow. However other factors 
besides the meteorological and climatological will affect the future sustainability of the 
snowmaking as a suitable adaptation strategy. The high economic costs and the environmental 
burdens associated with these systems turn the externality assessment a key issue to better 
characterize the future sustainability of this strategy (Hahn, 2004; Scott & McBoyle, 2007; 
Steiger & Mayer, 2008; Steiger, 2012; Rixen et al., 2011). In this line, the inclusion of the 
economic, energy and water costs of snowmaking at each ski resort for the different climate 
change scenarios will permit to improve the vulnerability analysis and achieve a more accurate 
assessment of the sustainability of this adaptation strategy.  
 
• Analysis of the effect of local geographical and meteorological factors on the future 
snow cover and snowpack projections at each ski resort 
 
The spatial distribution of snow in mountain areas is characterized for a high variability in very 
short distances. This variability is the consequence of the complex interaction between 
mesoscale meteorology and local topography and weather factors. Aspect, slope or the effects 
of wind-blown (Green and Pickering, 2009) are crucial factors affecting the spatial distribution 
of snow. For example, due to the complex topography of mountain areas, slope angle and 
aspect are also very likely to influence the sensitivity of snowpack to temperature change 
(Uhlmann et al., 2009). Thus, snowpack dynamics is strongly influenced by aspect (Hinckley, 
2012), which affects snow accumulation and melting, especially in areas having a marginal 
snowpack (McNamara et al., 2005). In this line, it was found that as temperature increased the 
effect of aspect on accumulation and melting increased, and resulted in greater differences in 
the maximum snow accumulation and snowpack duration.  (López-Moreno et al, 2013). Figure 
5.2 shows the average sensitivity per 1°C of the long-term average annual maximum snow 
water equivalent (MSWE) and duration of the snowpack (DSP) for each slope aspect under 
different magnitudes of warming. Snowpack thickness and the length of the snow season were 
found to be highly sensitive to increased temperature, but the magnitude of this effect varied 
among the analyzed locations. The effect of aspect on snow sensitivity in addition to 
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differences in the elevation and horizon shading were found to be the main causes of this 
variability. The snowpack on south-facing slopes appears to be particularly vulnerable to 
climate warming being subjected to greater interannual variability and exhibiting much greater 
sensitivity as temperature increases (López-Moreno et al., 2013).  
 
 
Figure 5.2. Average sensitivity per 1°C of the long-term average annual 
maximum snow accumulation (MSWE) and duration of the snowpack (DSP) for 
each slope aspect under different magnitudes of warming (López-Moreno et al., 
2013). 
Therefore, the inclusion of the effects of local topography when analyzing future snowpack at ski 
resorts will be key issue to achieve a better vulnerability assessment of the Pyrenean winter tourism 
industry. This information, could be complemented in a future research with snow cover models 
with higher spatial resolution, able to better capture the regional variability at a local scale in the 
future snow depth of each ski resort. 
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• Characterization of the individual adaptation response of skier to future climate change 
in the Pyrenees 
 
So far there is no Pyrenean survey capturing the adaptive behavior of skiers when confronted with 
poor snow conditions or closures. For this reason the present research used results of surveys from 
different studies in the Alps (Behringer et al., 2000) and USA (Dawson, 2011). Moreover, the 
surveys available so far, do not capture with accuracy the potential spatial, activity and temporal 
substitution of skiers or the destination and travel preferences necessary to model with precision the 
future shifts and redistribution of skiers due to climate change. To overcome this limitation, a 
common survey will be designed and carried out to capture the behavioral response of visitors 
when facing poor snow conditions and closures in different ski regions of the world, including 
Northeast Canada, The Austrian Alps and the Pyrenees. Moreover, the segregation of different 
adaptive behaviors based on different skier profiles and the influence of the future scarcity of 
resources like fuel or water, or the influence of crowding in ski resorts will be considered in order 
to analyze potential sensitive variables that could constraint the ski industry. One of the main 
limitations of the current model version is the use of the distance. The suitable distance to consider 
when modeling skiers redistribution should be the distance between the skier home origin and the 
selected ski resort. Our initial purpose was to build the gravity model using this information. Even 
though the distance between resorts does not exactly represent the reality of the dynamic with the 
available data it was the only solution to include in this first version the distance effect on the 
decision process. To overcome this limitation, the future survey will gather information about the 
origin and travel behavior of skiers to consider skier home origin and not the frequented ski resort. 
Finally, the gravity approach, lacking a powerful theoretical guidance, relies on adjustable 
parameters to fit empirical data that vary from region to region. With this travel information non-
parametric approaches like the radiation model (Simini et al., 2012.) could be tested in a future in 
order to improve the projected redistribution of skiers among the remaining ski resorts. 
 
5.4 Final remark 
 
Aware of the controversial and polemic topic dealt in this research due to the big interests 
and money in stake, the coverage at local, national and international media exceeded our 
expectations (Annex II). Some of them showed and alarmist and scaremongering interpretation of 
the results, some others showed a too optimistic and reductionist one. Some will tell this research 
calls to alarmism and others that it is too moderate. Even though, the results of this thesis intend to 
provide a more accurate objective and quantified analysis of the vulnerability of the Pyrenean ski 
tourism to future climate change. Even though the results, as for any model, cannot be assumed as 
an accurate prediction but a probable trend, we expect this information can raise the level of 
awareness of the different stakeholders involved in the winter tourism industry of the Pyrenees, 
such as regional and local administrations, ski resorts managers and winter tourists as well, and be 
a starting point to include climate change assessment and sustainability itself as a new design 
challenge in future strategic planning.          
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ABSTRACT: Mountain regions have been identiﬁed as especially vulnerable 
areas to climate change. Changes in snowfall, glacier retreat and shifts in 
biodiversity amount and distribution are some examples of the sensitivity of 
mountain ecosystems. Moreover, in many mountain economies, reliable snow 
cover plays a key role as an important resource for the winter tourism industry, the 
main income source and driving force of local development in such regions. This 
study presents a georeferenced agent-based model to analyze the climate change 
impacts on the ski industry in Andorra and the effect of snowmaking as future 
adaptation strategy. The present study is the ﬁrst attempt to analyze the ski industry 
in the Pyrenees region and will contribute to a better understanding of the 
vulnerability of Andorran ski resorts and the suitability of snowmaking as potential 
adaptation strategy to climate change. This study projects a reduction on the ski 
season length and the drop of the number of skiers especially in the lowest 
elevation ski resort of this region. Moreover, this work indicates that snowmaking 
cannot completely solve the problem of ensuring snow cover at low elevation ski 
resorts and should be considered as a suitable short-term strategy, but not as a 
sustainable long-term adaptation strategy. The resulting model can be used as a 
planning support tool to help local stakeholders understand the vulnerability and 
potential impacts of climate change and in the decision-making process of 
designing and developing appropriate sustainable adaptation strategies to future 
climate variability.  
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1. Introduction  
Mountain regions have been identiﬁed as especially vulnerable to climate 
change. The rapid retreat of glaciers, important changes in snowfall amount and 
frequency and shifts in biodiversity amount and distribution are some examples 
that demonstrate the sensitivity of mountain ecosystems (Beniston 2003, IPCC 
2007). Moreover, in many mountain economies, reliable snow cover plays a key 
role as an important resource for the winter tourism industry, the main income 
source and driving force of local development in such regions (Beniston 2003, 
WTO 2003). The winter tourism industry has been identiﬁed by governmental and 
inter-governmental climate assessments as potentially vulnerable to climate change 
(CADS 2010, IPCC 2007, WTO 2003). In recent years many studies have analyzed 
the impacts of climate change on the ski industry in regions such as the European 
Alps (Abegg et al. 1996, Breiling & Charamza 1999, Chaix 2010, Elsasser & Bürki 
2002, König & Abegg 1997, Steiger 2010, Steiger & Mayer 2008, Uhlmann et al. 
2009, Töglhofer et al. 2011), Canada (Lamothe & Périard 1988, McBoyle & Wall 
1987, Scott et al. 2003, 2006, 2007), USA (Dawson & Scott 2007, 2010, Dawson 
et al. 2009, Lipski & McBoyle 1991, Scott et al. 2008), Sweden (Moen & Fredman 
2007), Australia (Galloway 1988, Hennessy et al. 2003, Bicknell & McManus 
2006), Japan (Fukushima et al. 2003), and South Korea (Heo & Lee 2008). All 
these studies indicate to a greater or lesser extent that climate change will lead to 
impacts such as ski season length reductions, loss of skiable areas and drop of 
visitors both in low altitude and low latitude ski resorts.  
Andorra is a small and mountainous country located in the middle of the 
Pyrenees between France and Spain, with a population of nearly 80,000 inhabitants 
and an area of 468 km2. Andorra receives more than 10 million tourist visits every 
year (Andorra Turisme 2010). Hence winter tourism is presented as one of the 
main income sources and driving force of local development. Due to this strong 
reliance of the Andorran economy on winter tourism, it is critical to evaluate the 
extent of climate change on the ski industry. A central concern is the possibility 
that skiing would no longer be viable even with adaptation strategies, such as 
artiﬁcial snowmaking. This has become a critical issue not only to assess the 
sustainability of the ski industry but the sustainability of the current development 
model of the entire country. In this context, although the Pyrenean region is 
presented as one of the most important ski areas in Europe after the Alps, covering 
the north of Spain, the south of France and Andorra, the vulnerability of this ski 
industry still remains unexplored (CADS 2010, Scott et al. 2007, Yang & Wan 
2010). This paper will analyze the potential reduction of the season length in 
Andorran ski resorts due to climate change, as well as the subsequent drop in 
number of skiers and their expenditure. The methodology used is based on a 
georeferenced Agent Based Model (ABM) that takes into account the skiers 
response and the adaptive effect of snowmaking on future season length. ABM, 
also known in some disciplines as Multi-Agents Systems (MAS), is deﬁned as a 
simulation method in which autonomous and heterogeneous agents (i.e., individual 
people, animals or organizations) share a common environment and interact 
simultaneously both upon a landscape and among each other led by a self-interest 
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 3 
or common interest (Berger & Schreinemachers 2006, Ligmann-Zielinska & 
Jankowski 2007, Torrens 2003). Spatially referenced ABM appears as a promising 
approach for exploring complex space-time dynamic interactions between coupled 
human and environmental systems and capturing emergent macro-level phenomena 
from micro-level individual actions (Bousquet & LePage 2004, Deadman et al. 
2004, Janssen 2009). In recent years spatially referenced ABM have been used to 
analyze a broad spectrum of spatial phenomena such as the water and agriculture 
management (Bithell and Brasington 2009, Feuillette et al. 2003, Smajgl et al. 
2009), the dynamics in ancient human and primate societies (Axtell et al. 2002, 
Janssen 2009), the land use and land cover change (Deadman et al. 2004, Manson 
& Evans 2007, Parker et al. 2003), the spatio-temporal movement of marine 
mammals and maritime trafffic in the St. Lawrence estuary in Quebec, Canada 
(Anwar et al. 2007, Parrott et al. 2011), the residential segregation in a city (Crooks 
2010) or the spreading of a pine beetle infestation (Perez & Dragicevic 2010). 
However, because of the novelty of this technique only few studies have applied a 
georeferenced ABM to model tourism phenomena (Gimblett  & Skov-Petersen 
2008, Itami et al. 2002, Johnson & Sieber 2009, 2010, 2011).  
Georeferenced ABM can also be seen as a type of Planning Support System 
(PSS). This approach is well suited for scenario development, data analysis, 
problem diagnosis and policy comparison (Ligmann-Zielinska & Jankowski 2007, 
Johnson & Sieber 2011). Moreover, the enhancement and the understanding of the 
interplay between social and ecological systems such as human responses to 
environmental changes or the impact of their actions upon it can support the 
decision-making processes by involving cross-disciplinary knowledge (Smajgl et 
al. 2011).  
The main goal of this study is to analyze, by means of a geo-referenced ABM, 
the potential climate change impacts on Andorran ski industry in terms of ski 
season length reduction in selected ski resorts and the subsequent drop of skiers 
and their expenditure in the region. Moreover, the scenarios generated by the 
model also take into account the effects of artiﬁcial snowmaking on enhancing the 
snow cover and extending the future season length. In this way more realistic 
scenarios are generated while the suitability and sustainability of this adaptation 
strategy can be assessed.  
The paper is organized as follows: in section 2, we present the structure and the 
components of the georeferenced ABM. That is the different layers making up the 
environment, the agents and their features, and the rules and patterns governing the 
interactions between agents and the environment. Once the model has been 
described, section 3 presents the speciﬁc scenarios generated in order to assess the 
future climate impacts on the ski industry and the resulting outcome for each of 
these different projections. Finally sections 4 and 5 present and discuss the main 
ﬁndings of the paper, the suitability of the methodology used in the study and the 
further work.  	  
2. Model description  
One of the main challenges in climate change impacts studies has been to relate 
Climate	  Research,	  Vol.	  54:197-­‐207,	  2012	  
 
 4 
the physical impacts and changes in the environment with their human implications 
such as socioeconomic impacts or human responses. To overcome this difficulty 
we present a georeferenced ABM that relates the climate change impacts on the 
snow cover with their socioeconomic implications in the region. Figure 1 shows 
the conceptual map with the main components of the model. The model includes 
regional climate change projections in order to simulate the future snow cover on 
the different ski resorts of Andorra. A snowmaking module simulates the effect of 
artiﬁcial snow production systems in the enhancement of the natural snow cover. 
The resulting snow cover at each ski resort will be the dynamic component of the 
environment upon the agents, in our model the ski visitors, will interact and take 
their decisions in basis of their internal state and the snow cover state.  
The model was implemented using the NetLogo software version 5.0 
(Wilensky 1999) because it presents a good compromise between a user-friendly 
ABM programming environment and a powerful GIS extension for the study 
requirements. The following subsections describe the implementation of the main 
components of the model, that is, the environment and the agents.  	  
 
Figure 1: Conceptual map of the model  
	  
2.1. Environment 
  
The environment, that is the space upon the agents interact and respond to its 
changes, is implemented using four Geographic Information System (GIS) layers: 
(1) the limits of the country, (2) the entrance points (customs) to Andorra, (3) the 
main roads connecting the entrance points and (4) the access and the surface area 
of the three ski resorts: GrandValira, Arcalís and Pal-Arinsal (ﬁgure 2). This latter 
layer changes over time in basis of the snow cover conditions and determines the 
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season length according to the daily snowpack available in the resort. The ﬁrst 
three layers remain static during the simulation.  	  	  
	  	  
Figure 2: GIS layers used as dynamic environment for the ABM  
 
2.1.1. Natural Snow Cover and Season length  	  
The future natural snow cover at each ski resort is modeled using the projected 
changes in the Pyrenean daily snowpack during the 21st Century from (López-
Moreno et al. 2009). This study simulates the snow depth and the snow duration 
running a Surface Energy Balance Model, the GRENBLS (Keller et al. 2005), with 
climatic inputs provided by the HIRHAM Regional Climate Model (Christensen et 
al. 1998). These projections are based on two future emissions scenarios: the SRES 
A2 and B2 scenarios (IPCC 2007) and for different altitudinal levels: 1500, 2000, 
2500, and 3000 m. The ski season length has been simulated using the snowpack 
projection at a reference elevation of each ski resort and applying a 30 cm 
threshold. This threshold is one of the most used criterions to assess the climate 
change vulnerability of ski resorts, the 100-day rule (Abegg 1996, Abegg et al. 
2007, Chaix 2010, Dawson & Scott 2007, 2010, Scott et al. 2003, Scott & 
McBoyle 2007, Steiger 2010, Witmer 1986). This refers to a standard deﬁnition for 
snow reliability assuming that 100 days per season with at least 30 cm of snow 
depth are required for a ski resort to be economically viable. Applying this 
criterion, the future season length has been estimated considering those days that 
the snow cover depth is at least 30 cm. Figure 3 shows the mean control period 
(1960-1990) and future snow cover (assuming a 2 °C and 4 °C increase of the 
average temperature) at 2000 and 2500 m of elevation. The grey area marks the    
30 cm threshold showing those days that the snow cover is below the minimum 
conditions. Once the snow cover reaches this 30 cm value, it is assumed that the ski 
resort is open.  
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Figure 3: Mean control period (1960-1990) and future snow cover at 2000 and 
2500 m. 	  
The altitudinal distribution of each ski resort was identiﬁed in order to assign an 
altitudinal reference value to simulate the projected snow cover (ﬁgure 4). This 
value was approximated to the nearest altitudinal level from those deﬁned in the 
López-Moreno et al. (2009) study (1500, 2000, 2500 and 3000 m) at which most of 
the selected ski area is concentrated. We consider this criterion more suited than 
the usually employed mean elevation (Abegg et al. 2007, Scott et al. 2003, Scott & 
McBoyle 2007, Steiger 2010) because many ski resorts don’t follow a linear 
altitudinal distribution and usually most of their ski area is concentrated in the 
highest half of the elevation range. Therefore, because Pal-Arinsal has most of its 
ski area between 1900 and 2200 m, the 2000 m reference value has been assigned 
for this resort. In the same way, since most of the Arcalís and GrandValira skiable 
area is concentrated between 2250 and 2500, the 2500 m value has been assigned 
for those ski resorts.  
 
Figure 4: Altitudinal distribution of the andorran ski resorts. 
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2.1.2. Snowmaking module  	  
Over the last few decades, mainly through high public funding and subsidies, 
ski resorts across the world have invested signiﬁcant amounts of money in artiﬁcial 
snow production systems (Steiger & Mayer 2008). This adaptation strategy is 
intended to offset the variability of snowfall, guaranteeing good ski conditions, 
scheduled openings, and stable revenues. However, it is important to point out that 
these investments are not only motivated by climate variability. Snowmaking has 
also been used as a commercial and image strategy to extend the season and offer 
better snow conditions with the aim to increase revenues (Steiger & Mayer 2008). 
With approximately 50% of the Andorran ski area now covered by artiﬁcial snow 
production systems, the model includes a snowmaking module simulating the 
effect of these systems in the enhancement of the snow cover in order to achieve a 
more realistic projection of the ski season length. In this model, only the 
snowmaking to assure the minimum snow conditions has been simulated. The 
module simulates that a maximum of 10 cm of snow are produced each day as long 
as the natural snow cover is below the 30 cm threshold (Scott et al. 2003, Steiger 
2010). Only those days with a minimum temperature of -5C are considered as 
potential snowmaking days (Steiger & Mayer 2008). Figure 5 shows the enhance-
ment of the natural snow cover at 2000 m following the deﬁned parameters for a 
+2° C climate change scenario.  	  
	  	  
Figure 5: Enhancement of the natural snow cover at 2000 m with snowmaking. 
 	  
2.2. Entities and attributes  	  
Entities and attributes help to deﬁne an ABM (Grimm et al. 2006). An entity is 
a distinct or separate object or actor that behaves as a unit in the ABM and may 
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interact with other entities or be affected by the environment. The current state of 
the object is characterized by attributes. An attribute is a variable that distinguishes 
an entity from other entities of the same type or category, or traces how the entity 
changes over time. In this model there are two main entities: the skiers, the agents 
of our model, and the ski resorts, which are ﬁxed on the landscape. Skiers include 
the following attributes:  	  
• Point of entry to Andorra.  
• Visitor type (whether they are one-day visitors or overnight visitors).  
• Mean daily expenditure.  
• Destination ski resort.  
• Current location (coordinates at each time step that locates the agent in the 
map).  
 
All these attributes except the location are randomly assigned based on the real 
values and shares of these features obtained from the 2010 national tourism survey 
(Andorra Turisme, 2010). This survey represents a sample of 4010 international 
visitors and intends to capture the frequency, nationality, activities and 
accommodation preferences of Andorra visitors. The location coordinates attribute 
is updated throughout the simulation according to where the skier is each time step. 
Ski resorts have the following attributes:  	  
• Ski season length in days.  
• State (whether it is open or closed).  
• Location coordinates.  
• Reference elevation.  
 
The location coordinates and reference elevation are based on the geographical 
features of each ski resort. The ski season length and the status of the resorts will 
change throughout the simulation according to the projected snow cover at the 
reference elevation of the ski resort described above.  
2.2.1. Process overviewing and scheduling  	  
This section deﬁnes the actions of each entity, in what order are these actions 
executed, and when the different state variables are updated. Figure 6 shows the 
main ﬂowchart of the model actions during a simulation. The model starts 
simulating the snow cover and setting the ski season starting day, ending day and 
length at each ski resort according to both the selected climate scenario (present, 
+2 °C or +4 °C) and if the snowmaking module is activated or not. Once these 
variables have been computed, the model can set the state of the different ski 
resorts as open or closed for each day of the simulation. After that, a deﬁned 
number of agents are created in order to simulate the daily arrival of skiers. The 
value of the daily number of arrivals will be different each month representing 
seasonality due to peak and holiday periods such Christmas and Easter. The 
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changes in the daily rate have been set from the monthly statistics of tourist arrivals 
from the national tourism survey.  
 
Figure 6: Model processes ﬂowchart.  
Once these agents (skiers) have been created, they each follow the sequence 
described in ﬁgure 7 to set the attributes value and perform the decision-making 
response in the model according to agent and landscape attributes. When the agent 
enters the simulation, it is randomly assigned to a custom of entry and a visitor 
type based on the real statistical share of the feature. Using values drawn from the 
tourism survey, the 73 % of the agents will be randomly assigned as one-day 
visitors and the remaining as overnight visitors. If the assigned type is overnight 
visitor, the attribute length of stay is set to an average value of 3 days and a value 
of 1 if one-day visitor. In order to compute the daily and total expenditure of the 
skiers and simulating the difference of the mean expenditure in each type of visitor, 
the model assigns a value of 173 euros for overnight visitors and 110 euros for one-
day visitors. In the same way, based on the attendance statistics, the agent is 
randomly assigned to one of the different ski resorts. As the type of visitors, all 
these parameters have been set with the statistical values obtained from the national 
tourism survey of Andorra (Andorra Turisme 2010).                 
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Figure 7: Agents decision-making and attribute assignment ﬂowchart. 
Once the model has created the daily number of agents and assigned a value to 
their attributes, the agent checks if the assigned ski resort is open or closed. If it is 
open, the agent moves to the ski resort. Otherwise, in this first version of the 
model, the agent leaves the country because there is no opportunity to ski in the 
selected ski resort. When all the agents have performed the decision making 
process the model computes the daily number of skiers at each ski resort and their 
total expenditure during the day. Finally the agents update their length of stay 
decreasing one day the value of this attribute. The agents with a new value of 0, 
that is, those that were one-day visitors or in the last day of their stay leave the 
simulation. In order to simulate a standard winter season, each time step in the 
model represents 1 day and simulations run for 151 days, from December 1st to 
April 30th, an entire winter season in Andorra.  
 
3. Results  	  
Four different scenarios have been run in order to analyze the future impact of 
climate change-induced snow reductions on the Andorra ski industry. The two ﬁrst 
scenarios assume an increase of the mean temperature of +2 °C (P2) and +4 °C 
(P4) respectively. The other two scenarios add the effect of the potential 
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snowmaking on enhancing the natural snow cover and extending the season in the 
+2 °C (P2SM) and +4 °C (P4SM) base scenarios. The resulting season length and 
number of skiers in the three ski resorts of Andorra (GrandValira, Arcalís and Pal-
Arinsal) have been compared with the values of a reference period. The reference 
season length has been estimated as the average from 2000 to 2010 seasons and the 
reference attendance of skiers as the average of 2009 and 2010 seasons (Andorra 
Turisme 2010).  	  
3.1. Impact on ski season length  	  
During the reference season, the three ski resorts had an average season length 
between 139 and 146 days. In the P2 scenario only the ski resort of Pal-Arinsal, 
with most of its ski area at a lower elevation, around 2000 m, is affected by a 17% 
reduction of the season length, mainly at end of the season when snowfall is more 
erratic (Table 1). The other two resorts, with most of their ski area located at higher 
elevations (above 2200 m), are not affected by this particular climate change 
scenario. Comparing the results with the P2SM scenario it is noticed that the 
season reduction in Pal-Arinsal would be four times higher without snowmaking. 
In the P4 scenario all three ski resorts would suffer serious reductions in their ski 
season length. The Pal-Arinsal season would be dramatically reduced in half, 
whereas the GrandValira and Arcalís would suffer small season reductions (8%) at 
the end of the season. In the same way as P2SM scenario, P4SM shows that 
snowmaking would help to alleviate these reductions. However, because the 
worsening of climate conditions required to produce artiﬁcial snow, the capacity of 
snowmaking to extend the season under the +4 °C scenario is halved at Pal-
Arinsal. Applying the 100-day rule, all three ski resorts would remain reliable in 
the with a n increase of +2 °C, in the case of Pal-Arinsal, largely thanks to 
snowmaking. With an increase of +4 °C, Pal-Arinsal would not be reliable even 
with snowmaking, whereas the other two resorts would remain reliable thanks to 
snowmaking.  
	  
Table 1: Projected changes in the ski season length.	  	  
3.2. Impact on the number of skiers and their expenditure  	  
The use of an ABM model to simulate the interactions between the envi-
ronment (snow cover) and the skiers makes it possible to connect the season length 
reductions at each ski resort with the drop of visitors at the regional scale in 
Andorra, and the related impact on expenditure in the country during a winter 
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season. Table 2 shows the drop of the total number of skiers in Andorra under the 
different scenarios presented in the previous section. In the P2 scenario, a small 
drop of the number of skiers and their expenditure is noticed because only the 
lowest ski resort is affected on the ﬁrst and last week of the season. On the other 
hand, the P4 scenario indicates a more severe drop (-20%) that would lead to a loss 
of skier-related revenue of approximately 50 M€ (value 2009) per season. In this 
case, the two ski resorts with higher visitor numbers (Pal-Arinsal and GrandValira) 
would be affected both at the beginning at the end of the season rising the extent of 
the impacts. Finally, if snowmaking had not been taken into account in the 
analyses, the impact of the loss of skiers and their expenditure would be much 
higher, -14% and -50% for the P2 and P4 scenarios respectively.  
 
Table 2: Projected changes in the total number of skiers.  
4. Discussion  
The objective of this study was to understand the climate change vulnerability 
of the Pyrenean winter tourism industry by means of a georeferenced ABM. The 
ﬁndings of the study are congruent with previous literature analyzing the climate 
change impacts on the ski industry in other regions across the world. The reduction 
on the ski season length and the drop of the number of skiers has been projected 
especially on the lowest elevation ski resort in the region. Snowpack in the south-
oriented central and eastern areas of the Pyrenees will be the most strongly affected 
by climate change (López-Moreno et al. 2009) turning Andorra ski resorts into a 
potentially vulnerable area despite their high location (most of the ski area is above 
2000 m) in relation to other affected ski areas in Europe. On the other hand, 
snowmaking has a signiﬁcant impact on extending and providing reliable season 
lengths in low elevation areas with a mid-range climate change scenario and in 
high elevation areas both with a mid and high-range climate change scenario. 
However, due to the projected increase of the minimum and average temperature 
the worsening of the required conditions to efficiently produce snow will become a 
future constrain. Therefore, in congruence with previous studies, snowmaking 
cannot completely solve the problem of ensuring snow cover at Andorra low 
elevation ski resorts and should be considered as a suitable short-term strategy, but 
not as a sustainable long-term adaptation strategy (Bark et al. 2010, Scott & 
McBoyle 2007, Steiger 2012). In addition to being climatically marginal, 
snowmaking could entail future constraints in terms of security in water supplies, 
ecosystems alteration and infrastructure and energy costs associated with large 
increases in snowmaking volumes. Even if they are climatically viable, these 
factors can turn snowmaking into an uneconomic adaptation strategy to some ski 
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operators and unbearable in terms of carrying capacity for some other territories 
(Hahn 2004, Rixen et al. 2011, Scott & McBoyle 2007, Steiger & Mayer 2008).  
Finally, as a ﬁrst initial model, it is pertinent to note that the projected results 
should be taken as future general trends and not as accurate predictions for the 
Andorra ski resorts. This model will be adapted within a participatory planning 
process as a Planning Support tool involving and assisted by different stakeholders 
such as climate scientists, ski resorts managers and local planners and 
administrators. The tool will involve the different actors in a joint and 
transdisciplinary exercise to reﬁne the model (Barnaud et al. 2008). Thus, it is 
expected the accuracy of the model outcome to be improved by discussing and 
reﬁning the variables and parameters with the expertise of the stakeholders. Snow 
cover projections, the snowmaking module and the potential skier behavioral 
response are the main points to discuss and refine during this process. In this way, 
it is expected that not only the resulting model but also the discussion process 
could help the different stakeholders in understanding the vulnerability and the 
potential impacts as well as facilitate the decision-making process of designing and 
developing appropriate sustainable adaptation strategies to future climate change.  
 
5. Conclusion  
 
The georeferenced ABM methodology used in this study demonstrates potential 
as a tool to simulate the climate change impacts on the winter tourism and 
particularly to analyze the interaction between physical changes and 
socioeconomic implications. One of the most challenging issues in this kind of 
analysis is relating the projected physical impacts in ski areas to socioeconomic 
indicators, such as the shifts in skiers attendance or ski resorts revenues because a 
snow cover alteration (Dawson et al. 2009). One of the main reasons to use a 
georeferenced ABM was precisely to achieve a more detailed assessment of the 
socioeconomic dimension. The approach demonstrated here has potential to create 
and understand the linkage between the social and physical impacts relating the 
changes in the snowpack and resulting season length to the potential loss of skiers 
and their subsequent expenditure in the region. Moreover, compared to most of the 
models published to date, this methodology permits to include the behavioral 
response and the heterogeneity of the skier proﬁle, very important issues to take 
into account in this type of studies. First, because individuals can easily change 
their skiing behavior as a result of changing snow conditions in comparison to the 
expense and difficulty to implement structural and management adaptation 
strategies in the ski resorts supply side Dawson et al. 2009). Secondly, in tourism 
modeling, visitors cannot be grouped as a single aggregated class with the same 
unique features. Tourists always perform different features and behavioral 
responses that should be included in the analysis to capture a more realistic 
understanding of the macro-level phenomena such are the impacts on a regional 
scale.  
Future areas of reﬁnement must focus on improving the heterogeneity of the 
agents (skiers) by including ski level or activity involvement and different 
behavioral response to environmental changes in basis of their proﬁle. On the other 
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hand, the use a georeferenced landscape made possible to capture the intrinsic 
spatial features of tourism phenomena. In our case, the ski resorts location and 
elevation has been taken into account with this approach. In this way, future 
developments must take into account the inﬂuence of other geographical 
parameters such as travel distances or speciﬁcities of the tourism destinations 
landscape such as slope orientation.  
Finally, we are working to extend the model to other ski resorts in French and 
Spanish parts of the Pyrenees. This will allow the analysis of impacts at a regional 
scale, including the activity and spatial substitution of the skiers as well as other 
behavioral responses identiﬁed in previous studies (Behringer et al. 2000, Dawson 
et al. 2011, Fukushima et al. 2003, Hamilton et al. 2007, Pütz et al. 2011, Shih et 
al. 2009, Unbehaun et al. 2008).  
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ABSTRACT 
 
 One main argument for modeling socio-ecological systems is to advance the 
understanding of dynamic correlations among various human and environmental 
factors, including impacts and responses to environmental change. We explore the shift 
in skier distribution amongst ski resorts taking into account the behavioral adaptation of 
individuals due to the impact of climate change on snow conditions. This analysis is 
performed at a regional scale by means of a coupled gravity and georeferenced agent-
based model. Four different scenarios are considered. Two scenarios assume an increase 
of winter mean temperature of +2°C and +4°C respectively, taking into account only 
natural snow conditions. Two additional scenarios add the effect of snowmaking to 
enhance the natural snow depth and extend the skiing season in the +2°C and +4°C base 
scenarios. Results show differing vulnerability levels, allowing the classification of ski 
resorts into three distinct groups: (1) highly vulnerable ski resorts with a strong 
reduction in visitors attendance for all climate change scenarios, characterized by 
unfavorable geographical and attractiveness conditions, making it difficult to ensure 
snow availability in the future; (2) low vulnerability ski resorts, with moderate 
reduction in season length during a high climate change scenario but no reduction (or 
even an increase) in a low one, characterized by ski resorts with a medium capacity and 
attractiveness to ensure enough snow conditions and capture skiers from other ski 
resorts; and (3) resilient ski resorts, with good conditions to ensure future snow-reliable 
seasons and outstanding attractiveness, allowing them to offer longer ski seasons than 
their competitors and potentially attracting skiers from other closed or marginal resorts. 
Ski resorts included in this last group increase their skier attendance in all climate 
change scenarios. Although similar studies in the literature foretell a significant 
reduction of the ski market in the near future, another probable effect outlined in this 
study is a redefinition of this market due to a redistribution of skiers, from vulnerable 
ski resorts to more resilient ones. 
 
Key words: Climate Change; Winter Tourism; Adaptation; GIS; Agent Based Model.  
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1. INTRODUCTION 
 	   One main argument for modeling socio-ecological systems is to advance the 
understanding of the dynamic correlations amongst various human and environmental 
factors, including impacts and responses to environmental changes. Examples come 
from a broad spectrum of spatial phenomena such as dynamics in ancient human and 
primate societies (Kohler et al., 1999, Axtell et al., 2002; Janssen, 2009), land use and 
land cover change (Manson and Evans, 2007; Parker et al., 2003), water management 
(Smajgl et al., 2009; Viaggi et al., 2009; Bithell and Brasington, 2009), residential 
segregation in urban contexts (Crooks, 2010) or insect outbreak spreading (Perez and 
Dragizevic, 2010). However, few studies have analyzed individual human and 
environmental interactions in tourism phenomena. Gimblett & Skov-Petersen (2008) 
and Itami et al. (2002) in particular, used ABM for the simulation and visualization of 
movement patterns of visitors in recreational landscapes, such as parks and protected 
areas. Johnson & Sieber (2009, 2010 and 2011) developed an ABM of tourism 
dynamics including travel, lodging and activity patterns. Regarding winter tourism, 
responses to environmental impacts and changes in tourism dynamics, Pons-Pons et al. 
(2012) developed a georeferenced ABM to analyze the climate change impacts on the 
ski winter tourism in Andorra and Balbi et al. (2013) used a spatial agent-based model 
for assessing strategies of adaptation to climate and tourism demand changes in an 
alpine tourism destination. In recent years ABM models have been identified as a 
promising methodology to analyze tourism dynamics (Baggio, 2008). First, because 
they model and characterize interacting human-nature processes of heterogeneous 
individual behaviors that occur over space and time (Axtell, et al. 2002, 1996; Parker et 
al. 2003). In an ABM, tourist agents can be characterized with more realistic 
heterogeneous behaviors, governing activity, decision or accommodation preferences. 
For example, the visitor response if a ski resort were closed, as well as spatial 
characteristics, such as travel distances. Second, this approach is well suited for scenario 
development, data analysis, problem diagnosis and policy comparison (Ligmann-
Zielinska & Jankowski, 2007; Johnson & Sieber, 2011). Since ABM facilitates the 
representation of individual-level spatio-temporal interactions, they have a relevance to 
representing and understanding the dynamics and characteristics of tourism. 
 
 Many studies dealing with tourism are focused on how climate change will 
affect the supply side of tourism, such as resorts, facilities or season days (Scott et al., 
2003, 2008; Becken, 2005; Hoffmann et al., 2009; Steiger, 2010; Pütz et al. 2011). 
Many models analyzing climate change impacts on ski tourism base their estimations on 
physical snow models such as Abegg et al., (2007), Scott (2003), Uhlman (2009) or 
Steiger (2010). In these approaches, variables such as snow depth and duration of 
simulated snowpack are used to estimate the impact of climate change on the number of 
operational days (length of season). Some of these studies only model the natural 
snowpack at ski resorts (Uhlmann et al., 2009) or apply indicators such as snow cover 
days, defined as 2.5 cm of snow (Lamothe & Périard, 1988). This level of cover does 
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not match with the reality of ski area operations that require 30-100 cm of snow to open 
a ski run. A few studies create statistical relationships between the length of season and 
snow depth or other climatological parameters (Moen and Fredmand, 2007). One of the 
major limitations of these studies using statistical models is the omission of the effect of 
snowmaking on future natural snowpack. This is the main limitation found in most of 
the previous literature analyzing the vulnerability of ski resorts (Scott et al., 2012). 
Studies that do incorporate snowmaking (Scott et al., 2003, 2008,; Hennessy et al., 
2008; Steiger, 2010) found that impacts on ski resorts are lower than those reported by 
previous studies that only take into account natural snow. An alternate approach to these 
statistical and physical models is the analogue approach, where past and present 
experiences and responses to climatic variability, change and extremes provide insight 
for vulnerability to future climate change (Ford et al., 2010). This approach has been 
applied in North America (Scott, 2006; Dawson et al., 2009) and the Austrian region of 
Tyrol (Steiger, 2011), comparing the impact of climate change scenarios on season 
length. Most of these previous studies are focused on modeling supply-side impacts (ski 
operations) and none have explored how ski tourist demand has shifted in response to 
climate change impacts. Defining the mechanisms and variables related to tourists 
adaptation and behavior is an immediate research need to be filled. Even though recent 
studies point out that behavioral adaptation of tourists due to spatial, temporal and 
activity substitution could exert a strong influence on the final output of the climate 
change impact assessments (Behringer et al., 2000; Dawson et al., 2011, Gössling et al, 
2012; Dawson et al., 2013), there is no analysis of this issue in the literature. This study 
proposes a new approach to better understand and explore how the potential behavioral 
responses identified in previous studies could affect the final outcome of climate change 
impact assessment. In addition to the identified behaviors and responses of tourists to 
climate change, this framework could be also applied to explore the influence of tourist 
behavior and responses to other factors that could affect their dynamics such as energy 
and transport issues or the influence of crowding in destinations, once this information 
has been gathered.  
 
 We explore the shift in tourist distribution amongst Pyrenean ski resorts taking 
into account the behavioral adaptation of individuals due to the impact of climate 
change on snow conditions. The Pyrenees is a mountain range comprising the northern 
portion of Spain, the southern portion of France and the small country of Andorra. 
Enclosing 49 alpine ski resorts, this region receives around 11 M skiers per year. Most 
of these skiers come from the surrounding regions. In Andorra, the most international 
destination in the Pyrenees, almost a 70% of the skiers come from the surrounding 
regions of Spain and France. This share is much higher in other ski resorts and turns the 
Pyrenees into a quite compact market with no significant competitors at close distances. 
In this context, the Pyrenees are highly dependent on winter tourism industry being their 
residents well aware that climate change is presented as a future threaten to snow 
availability and to future development of winter tourism related activities (March et al., 
2014). 
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This analysis is performed at a regional scale by means of a coupled gravity and agent-
based model (ABM). Unlike many models used to date, this methodology includes 
behavioral responses and heterogeneity of winter tourists. The use of a geo-referenced 
landscape makes it possible to capture the intrinsic spatial features of tourism 
phenomena, such as ski resort location and travel distances between them. In addition, 
the ABM model is linked to a gravity model: the potential redistribution of skiers 
among ski resorts when some of these have to close due to poor snow conditions, 
depends on the attractiveness of each ski resort and the travel distance between them.  
 
The paper is organized as follows: in section 2, we present our model description 
following the “Overview, Design concepts and Details” (ODD) protocol (Grimm et al., 
2006; 2010). Section 3 presents the model validation process Section 4 presents the 
speciﬁc scenarios generated in order to assess the vulnerability of the ski industry and 
the resulting outcome for each of these different projections Section 5 present and 
discusses the main ﬁndings of the paper, the suitability of the methodology, its 
limitations and the implications for further work. Finally section 6 presents the 
conclusions of this study. 
 
2. MATERIALS AND METHODS 
 
 The “Overview, Design concepts and Details” (ODD) protocol, an accepted 
standard in ecological and social science literature, is used to formulate and describe the 
agent based model (Grimm et al., 2006; 2010). The overview component if this protocol 
provides an explanation about how the model is designed. Purpose, entities and 
attributes are then described to define the ABM. An entity is a distinct or separate object 
or actor that behaves as a unit in the ABM and may interact with other entities or be 
affected by the environment. The current state of the object is characterized by 
attributes. An attribute is a variable that distinguishes an entity from other entities of the 
same type or category, or traces how the entity changes over time.  The design concepts 
depict the essential characteristics of the model. Finally the details section describes 
other information such as input data and submodels needed to understand, reimplement 
and replicate the model.    
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Figure 1. Conceptual map of the model linking the physical and the social variables. 
 
Figure 1 shows the conceptual map of the model. Climate projections of future snow 
depth and potential snowmaking capacity at the mean elevation of the resort as well as 
the daily attendance of skiers at each ski resort are used as input data for the model. 
Using this information the model simulates by means of a gravity model and an ABM, 
the future ski season length and the daily attendance of skiers at each ski resort at a 
regional scale. As case study, the ski industry in the Pyrenean region, including France, 
Spain and Andorra is analyzed.  
 
2.1 Overview 
 
 2.1.1 Purpose 
 
The model is designed to explore questions about the shift in the skier distribution 
among ski resorts at a regional scale due to future climate change projections affecting 
local snow conditions at each individual ski resort.   
 
 2.1.2 Entities, state variables, scales and environment 
 
In this model there are 2 main entities: skiers, the agents of our model, and ski resorts, 
which are fixed on the landscape. Skiers include the following attributes:  
 
1) Assigned ski resort.  
2) Current location: coordinates at each time step. This internal information 
helps the software to locate the agent at a ski resort on the map at each time 
step. 
3) Adaptation strategy:  whether skiers perform spatial or activity substitution 
when the ski resort is closed. 
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Ski resorts include the following attributes: 
  
1) Location coordinates. 
2) Season length in days. 
3) State: whether the ski resort is open or closed. 
4) Maximum capacity of daily skiers. 
5) Attractiveness (described in more detail in the submodels section).  
 
The simulation lasts for 151 time steps, the length of a standard winter season (from 
December 1st to April 30th), being the length of one time step equivalent to one day. 
 
The environment, i.e. the space where the agents interact and respond to its changes, is 
implemented using two GIS layers: (1) the 41 main ski resorts of the Pyrenees 
(representing around the 92% of the total skiers (DSF, 2012; Biotti, 2013; ATUDEM, 
2013; SkiAndorra) and (2) the main roads connecting the ski resorts (Figure2). The 
dimension of the points in this layer changes over time based on the daily attendance of 
skiers (the greater attendance the larger the point is shown) and the status attribute of 
each ski resort, that is, whether it is open (green) or closed (red) as a consequence of the 
daily projected snowpack conditions. The first 2 layers remain static during the 
simulation. 
 
Figure 2. GIS layers with the location of the roads and the ski resorts of the Pyrenees. The size of the bullets 
represents the average skier attendance at each ski resort. 
 
 2.1.3 Process overview and scheduling 
 
 Using the snow cover projections and potential snowmaking days based on 
future climate scenarios as input data, the model starts simulating the projected season 
length at each ski resort and updating daily if it is open or closed during an entire winter 
season (Figure 3). The aim of this framework is to allow snowpack and ski days 
simulations to be used and integrated into the ABM regardless of modeling approach 
used. In our particular case for the Pyrenees, these variables have been simulated using 
the projected changes in the Pyrenean daily snowpack during the 21st Century by means 
of a Snow Energy Balance Model (SEBM) for the study area and coupled with technical 
	   7	  
parameters of ski resorts operation and snowmaking processes. Following the 
experience of technical staff in ski resorts, a daily minimum temperature threshold of -
2°C has been used to compute the potential snowmaking days during a winter season. 
During these potential snowmaking days, it is assumed that a maximum of 10 cm per 
day can be produced to reach the 30 cm threshold. Thus, the natural snow depth is 
complemented with snowmaking following these criteria. Therefore, a ski resort is 
considered open as soon as it reaches the 30 cm threshold considering both natural snow 
and snowmaking. This threshold is one of the most used criterions to assess the climate 
change vulnerability of ski resorts (Abegg, 1996; Scott et al. 2008; Steiger et al. 2010). 
In order to simulate the ski season length, those days with at least 30 cm of snow depth 
were those considered as open days. For a detailed description of the snow model used 
and the climate change projections see López-Moreno et al. (2009) and Pons-Pons et al. 
(2012).  Snowpack projections are based on 2 future emissions scenarios: the IPCC 
SRES A2 and B2 scenarios for different altitudinal levels: 1500, 2000, 2500 and 3000 
m. These scenarios project future climate change based on different assumptions for 
greenhouse gas emissions, land-use, economic and technological development and other 
diving forces (IPCC, 2007). In our study B2 and A2 were used as for mid and high 
climate change scenarios respectively.  
 
 
 
Figure 3. Model processes flowchart. 
 
Based on ski resort statistics and survey data of tourism activity, the model assigns the 
initial number of agents at each ski resort on the basis of the current distribution of 
skiers over the studied region. With only aggregated information about skier visits 
available from official regional ski associations or administrations Statistics (DSF, 
2013, ATUDEM, 2013, Botti, 2013), and also considering that many ski resorts do not 
easily or freely share skier numbers, deep research from more than 20 different local 
and regional newspapers, ski resorts periodical press releases and news websites was 
conducted to estimate the frequentation at 41 of the 49 ski resorts of the Pyrenees from 
2008-2009 to 2011-2012. The remaining 8 ski resorts are very small ski areas (less than 
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a couple or three of runs and a couple of ski lift, often presented as s complementary 
activity of a hotel or nordic ski resort) which information was not available. From this 
data, the average from the last 3 seasons was assigned as the average yearly skier 
visitation at each ski resort. To estimate daily attendance, a daily visitation curve of 
skiers was estimated in order to modulate the visitation based on holidays, weekends 
and working days. This issue is a crucial point to the model because the impact of 
reducing the ski season length is not the same if important holidays such as Easter or 
Christmas are affected (Steiger, 2013). The only information on tourist visits on a daily 
basis was provided by the national tourism survey from the Andorran Government and 
statistics from the national tourism department (Andorra Turisme, 2012) for the seasons 
2008-2009 to 2011-2012. These surveys were used to develop the profile of the visitors 
and identify the daily number of skiers. Approximately 8000 visitors to Andorra 
respond to the national tourism survey every winter season and this information is 
linked to the observations of the total foreign vehicles entering the country. Table 1 
shows the data and the sources used as input in the model. 
 
 
Variable Source 
Snow depth projections  Lopez-Moreno et al. 2009 
Coordinates of the ski resorts 
GIS layer created by satellite imagery (ICC; 
SIGMA; Geoportail France; GoogleEarth) 
Ski resorts yearly attendance from 
2008-2009 to 2011-2012 seasons 
Ski Andorra; Atudem, DSF; Press reports and 
newspapers 
Total length of ski slopes Ski resorts official webpage 
Price of the day ski pass  Ski resorts official webpage 
Complementary activities Ski resorts official webpage 
Vicinity to commercial area 
GIS layer of cities and villages from France 
Andorra and Spain  (ICC; SIGMA; Geoportail 
France; GoogleEarth) 
Daily attendance curve of skiers Andorra Turisme; Estadistica.ad 
 
Table 1. Data and sources used in the model. 
 
 To explore the emergent macro-level phenomena from micro-level individual 
actions and local conditions of ski resorts, the model implements the adaptation 
behavior of skiers through spatial and activity substitution (defined in section 2.1.4). 
Different studies based on surveys (Behringer et al., 2000; Fukushima et al., 2002; 
Hamilton et al., 2007; Unbehaun et al., 2008; Dawson et al., 2011 and Pütz et al., 2011, 
Dawson et al, 2013) have identified the potential behavioral and adaptative response of 
skiers to poor snow conditions. On the basis of these results, the share of potential 
skiers performing a spatial and an activity substitution are identified and implemented 
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in the model. Thus when a ski resort is closed, the decision-making process shown in 
Figure 4 is applied to each skier at a particular ski resort. These skiers perform an 
activity substitution and stop skiing when the ski resort where they would typically go 
skiing is closed. The rest of skiers perform a spatial substitution and are redistributed 
amongst the remaining open ski resorts in the region by means of a gravity model 
(described in depth in the submodels section) according to the attractiveness factor of 
each ski resort and the distance between the origin (in this study, the initially assigned 
ski resort) and the potential alternative resort.  
 
 
Figure 4. Agent decision-making flowchart. 
 
 
 2.1.4 Design Concepts 
 
The basic principle addressed by this model is the emergence of potential shifts in the 
current skiers distribution at a regional scale due to changes in local snow conditions. 
This concept is addressed by checking how behavioral adaptation of skiers affects the 
attendance at the local ski resort level, and at the regional scale, by means of the 
simulation of the potential redistribution of skiers. Skier agents do not implement any 
learning or prediction capacity and base their decisions solely on the objective of 
finding a ski resort with suitable snow conditions to support skiing. To achieve this 
objective, agents are sensitive to four variables: (1) current snow conditions, (2) travel 
distance between ski resorts, (3) an attractiveness factor of each ski resort and (4) the 
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maximum daily capacity to host skiers. A stochastic process is used to randomly assign 
the choice of the adaptive behavior (i.e., whether the skiers perform an activity or a 
spatial substitution). Based on current snow conditions (i.e., the resort is closed due to 
insufficient snow conditions) agents have a 5% probability to stop skiing. This 
probability is based on existing surveys (i.e. Behringer et al, 2000). Otherwise, skiers 
move to an alternate resort characterized by the gravity model (explained below). 
Movement to this alternate resort is restricted by its maximum capacity. From 
interviews with ski resort managers, this maximum capacity was assumed as twice the 
maximum daily attendance during the reference season (average from 2008/2009 to 
2011-2012). This involves an indirect interaction between agents, affecting the selection 
of the final destination. In this initial version of the model, no collectives have been 
implemented. However in further versions collectives could be implemented in order to 
segregate the adaptation behavior and the preference choices of different profile of 
skiers such as expert skiers, beginners or families. These differences in preference and 
adaptation behaviors could also affect the potential redistribution of skiers among ski 
resorts.  
 
To observe shifts in the distribution of skiers at a regional scale, three different variables 
are analyzed as model output on a daily basis and for each ski resort: (1) number of 
attracted skiers when open, (2) number of skiers lost when closed due to insufficient 
snow depth and (3) total seasonal skier attendance.  
 
 2.1.5 Initialization 
 
The model is initialized for each future scenario with the projected season length of 151 
days, with attendance based on the present regional distribution of skiers. The present 
average distribution of skiers has been calculated as the average of the historical data of 
attendance for the winter seasons from 2008-2009 to 2011-2012.  
 
 2.1.6 Input data 
 
The input data of the model are (1) the current daily distribution of skiers at each ski 
resort and (2) the days with sufficient snow depth (30 cm indicator), in order to compute 
the season length during a winter season in different climate scenarios. 
 
 2.1.7 Submodels 
 
A gravity model, in analogy with Newton’s gravity law, is used to analyze the potential 
redistribution of skiers (spatial substitution) among the ski resorts of the whole region 
based on both the attractiveness of each ski resort and the travel distance between them 
when some ski resorts have to close due to poor snow conditions.  
 
Introduced in its contemporary form in 1946 (Zipf, 1946), but with roots that go back to 
the eighteenth century (Monge, 1781), the gravity law is a spread framework to predict 
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population movement (Monge, 1781; Jung et al. 2008; Thiemann et al. 2010) cargo 
shipping volume (Isard, 1960; Kaluza et al., 2010), inter-city phone calls (Krings et al., 
2009), bilateral trade flows between nations (Pöyhönen, 1963) or migration processes 
(Kararema et al, 2000), just to name a few. The basic principle governing these models 
is that the shorter the distance between two objects and bigger their mass, the greater the 
gravitational pull between these two objects. Following this principle, the gravity law 
assumes that the number of individuals that move between locations i and j is 
proportional to the mass, i.e. the population of the source and inversely proportional to 
the distance to the potential destinations. 
 
The model we describe estimates the total number of skiers moving from a closed ski 
resort i to an open ski resort j (Fij) on the basis of an attractiveness factor (i.e., mass) of 
the potential destination resort (Gj) and the inverse of the distance between the origin i 
and destination resort (Dij), affected by a unique parameter 〈 (Eq. 1). 
  
 Fij = Gj / Dij α	  	  	  	  	  	  	  	  	  	  	  	  Eq.1 
    
The attractiveness factor represents the capacity of each ski resort to attract skiers to 
their facilities. The create this submodel characterizing this feature, a non-parametric 
statistical analysis was carried out using a set of 15 physical and socio-economical 
variables that characterize the ski resorts. Amongst all variables, four were found to be 
the most significant in explaining the current redistribution of skiers (p-value < 0.05). A 
multiple regression model was used to identify the main variables that affect the current 
capacity to attract skiers and explain the present distribution in the region (Eq. 2). The 
model used, permits to explain almost 90% of the current distribution of skiers on the 
Pyrenean region (R2 = 0,87; p-value < 0,001) based on four variables: (1) total length of 
ski slopes, (2) the mean cost of the all season daily adult ski pass, (3) whether or not the 
resort offers complementary activities to skiing, and (4) its location, near or distant from 
a large commercial area. This last qualitative binary variable assigns a value of 1 to 
those resorts with a commercial area (not only isolated stores) within a radius of 25 km. 
This indicator permits to identify those resorts with the ability to offer shopping as a 
complementary activity, a factor identified to have a high influence on tourists when 
choosing a ski resort (Andorra Turisme, 2012).  All these factors are congruent with 
previous work that identified, through survey research, the most influential factors when 
choosing a ski destination (Dawson, 2009). 
 𝐴𝑡𝑡𝑟𝑎𝑐𝑖𝑣𝑒𝑛𝑒𝑠𝑠  𝐹𝑎𝑐𝑡𝑜𝑟   =   𝛽! ∗ 𝑇𝑜𝑡𝑎𝑙  𝐿𝑒𝑛𝑔ℎ𝑡  𝑘𝑚  𝑜𝑓  𝑠𝑙𝑜𝑝𝑒𝑠 +   𝛽! ∗𝑚𝑒𝑎𝑛  𝑑𝑎𝑖𝑙𝑦  𝑠𝑘𝑖  𝑝𝑎𝑠𝑠                                                                             +  𝛽! ∗ 𝐶𝑜𝑚𝑝𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑟𝑦  𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑖𝑒𝑠 +   𝛽! ∗ 𝑛𝑒𝑎𝑟  𝑎  𝑐𝑜𝑚𝑚𝑒𝑟𝑐𝑖𝑎𝑙  𝑐𝑒𝑛𝑡𝑒𝑟  
Eq. 2 
 
By applying the gravity model when a given resort it has to close because of poor snow 
conditions, we calculate the potential number of skiers that will shift from the closed ski 
resort to the remaining open resorts. For instance, as Figure 5 shows, if the resort of La 
Molina is closed (in black), the biggest share of its skiers (46%) will shift to the nearest 
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ski resort, Masella, due to the effect of the distance variable. However, due to the 
different attractiveness of the resorts, a share of the skiers will move to a further resort. 
Despite being much further away from La Molina, Grandvalira receives a significant 
share (11%), because of its high attractiveness factor.   
 
 
Figure 5. Gravity model applied to the skiers of La Molina when it is closed. The size of the dots 
represents the percentage of skiers shifting from La Molina (black dot) to nearby resorts. 
 
 
3. VALIDATION 
 
 One challenge of this modeling approach is the validation process of the model 
results. Here we use an analogue approach (Dawson et al., 2009) to corroborate our 
results, since the outcome of the model are simulations of future skiers attendance based 
on projected ski season reductions. This approach looks for a past winter season with 
analogous climate conditions that could reproduce a similar situation as the projected 
future winter season. However, the low frequency in the occurrence of years with 
analogous conditions to future climate scenarios and the scarcity of detailed historical 
data on skiers attendance makes it difficult to carry out a good validation process. In 
this sense, the 2011-2012 season was found to be the one in the last ten years 
performing the closest climate situation to the +2°C scenario. During this season, the 
average minimum temperature in Andorra was 2.2°C over the value for the control 
period (1961-1990), most similar to the +2°C scenario. Thus, the +2°C with 
snowmaking scenario results are compared to the 2011-2012 skiers attendance, as a 
form of validation. 
 
Figure 6. Correlation between real skiers for the season 2011–2012 and 
projected skiers in the +2°C scenario. 
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Figure 6 shows correlated values between projected skiers in the +2°C The model 
explains remarkably well the real data behavior and no deviation trends are observed. In 
the resorts where the anomaly of temperature in the analogous year is closer to the 
projected scenario (central-eastern part of the Pyrenees) the observed error is less than 
30%. The error can be explained partly by three main sources:  
 
 
1) Regional climatic models: there exists a lack of spatial resolution and an 
inherent uncertainty associated with regional climate models (Alexandru 
et al., 2007).  
2) Quality and quantity of historical data on skiers attendance are not 
always complete or the desired spatial scale. 
3) The model cannot explain temporal substitution (i.e., those skiers not 
performing spatial substitution, but shifting their skiing season 
depending on snow availability).  
 
This validation process could be used to assess the usefulness of the gravity approach 
(eq. 1). This method relies on adjustable parameters to fit empirical data that vary from 
region to region (Isard, 1960). In this sense, distance Dij is one of the main variables that 
can be tuned by means of an exponent α (i.e. Dijα). The best fit result is obtained with α 
= 0 (R2 = 0.999), which implies that, in this particular case study, the distance is not a 
factor having a huge impact on the total distribution of skiers in a future climate change 
scenario (Figure above). This is mainly due to the fact that in a future climate change 
scenario only few resorts remain available (the ones with already the highest 
frequentation). Redistribution options for skiers are reduced and so is sensitivity to 
alpha in Dijα. Thus, the effect of distance is hidden because the amount of skiers shifting 
to these resilient resorts is low regarding the current high frequentation of these ones.  
Even though distance effect has not a significant impact on the total distribution, it 
actually has an impact on the reallocation of skiers (skiers moving because ski closures) 
shifting from one ski resort to another one. Furthermore, a limitation in this study is that 
the distance considered is not the distance from the skier home origin to the potential 
destination but rather the distance between potential destinations. When the model is 
run under less severe conditions (i.e., both more homogenous attractiveness and 
heterogeneous variability in the projected season length reduction), α becomes a 
significant parameter (results not shown in the article). Therefore, α it should be 
considered and properly tuned in order to apply this model to other regions.  
 
 
4. RESULTS 
 
Four different scenarios were run to analyze the redistribution of future skiers among 
the Pyrenean ski resorts induced by climate change-related snow reductions. The two 
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first scenarios assume an increase of the winter mean temperature of +2°C and +4°C 
respectively, taking into account only natural snow conditions. The other two scenarios 
add the effect of the potential snowmaking on enhancing the natural snow depth and 
extending the ski season length in the +2°C and +4°C base scenarios.  
 
Figure 7 shows the attractiveness factor and the projected number of skiers in a present 
mean winter season and for two future scenarios: assuming an increase of +2°C and 
+4°C of the winter mean temperature and taking into account only the natural snow 
depth to compute the ski season length. Two different groups of ski resorts with 
different attendance patterns can be identified. For most of the ski resorts (≈ 70%), a 
slight decrease in skier attendance, less than 25%, is projected for a +2°C scenario and a 
significant decrease, between 50% and 100%, for the +4°C scenario. However, only few 
resorts are able to increase the number of visitors in both future scenarios due to both a 
lower climatic vulnerability and a higher touristic attractiveness compared to their 
competitors. On the other hand, the current relationship between the attractiveness 
factor of the ski resorts and the total attendance of skiers per year is almost linear (black 
line in Figure 7). In a climate change-induced future, this relationship becomes 
increasingly non-linear (dashed line in Figure 7). 
 
 
Figure 7. Attractiveness factor and changes in the total number of skiers for each ski resort in three 
different scenarios: a mean present winter season and assuming an increase of +2°C and +4°C of the 
winter mean temperature. 
 
Figure 8, shows the attractiveness factor and the projected number of skiers in a present 
mean winter season and for two future scenarios: assuming an increase of +2°C and 
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+4°C of the winter mean temperature and taking into account the capacity of 
snowmaking to increase season length.  
 
In this case, three different groups of ski resorts can be identified based on the projected 
changes to skier attendance and resort attractiveness. The first group of resorts (Figure 
10), characterized with a low attractiveness index value, show a slight reduction in 
future attendance for the +2°C scenario, and in some cases keeps the current attendance 
of skiers. With this group of resorts, despite taking snowmaking into account, 
significant decreases in skier visitation are projected for the +4°C scenario. The second 
group of ski resorts, generally with a medium attractiveness index value, are able to 
increase their attendance in the +2°C scenario but not in the +4°C, where decreases are 
projected. Finally, the third group, typically with a higher attractiveness index, shows 
opposite behavior to the first group, being able to increase future attendance in both 
scenarios. This demonstrates an outcome of highly attractive ski resorts consolidating 
their dominant position at the expense of less attractive ski resorts, that may be 
struggling to adapt to changing snow conditions. Figure 9 shows an example of a ski 
resort classified in this third, ‘resilient’ group with a high attractiveness index and 
privileged geographical conditions. This resort has a high capacity to attract the skiers 
from the more vulnerable resorts located in the surrounding area.  However, in 
snowmaking scenarios, the capacity to attract is reduced. In the +2°C scenario with 
snowmaking, the vulnerability of surrounding ski resorts is lower and therefore 
competitiveness is more evenly distributed among resorts. In the +4°C scenario with 
snowmaking this effect is not as evident due to the reductions of the potential 
snowmaking days. 
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Figure 8. Attractiveness factor and changes in the total number of skiers for each ski resort in 
three different scenarios: a present winter season and assuming an increase of +2°C and +4°C of 
the winter mean temperature taking into account the contribution of snowmaking. 
 
 
 
Figure 9. Yearly skier attendance in a resilient ski resort in different climate change 
scenarios with and without behavioral adaptation of skiers. 
 
Regarding the relationship between the attractiveness factor and the total skier 
attendance in future climate change scenarios, a non-linear pattern is also observed 
when considering the effects of snowmaking (Figure 8). However, although increases in 
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skier attendance are seen with every increase in attractiveness factor, snowmaking leads 
to a flattening of the curves with respect to the natural snow scenario, mainly in the 
+2°C scenario. In the case of the +4°C scenario, this effect is less significant since in a 
high climate change scenario, the effect of the snowmaking to enhance the season 
length is lower due to fewer potential snowmaking days available in the Pyrenean ski 
resorts. This change from an almost linear to an exponential relationship between the 
attractiveness and the total attendance of most of the analyzed ski resorts, results in an 
increase of the distance between the resilient and the vulnerable ski resort groups.      
 
Figure 10 shows the clustering of the analyzed ski resorts in the 3 identified groups: the 
resilient ski resorts, the low vulnerability ski resort and high vulnerability ski resorts 
(only some ski resorts are shown in order to make the figure and the interpretation of 
the groups more clear).  
 
 
 
 
Figure 10. Clustering of the ski resorts in three groups: high vulnerable, low vulnerable, and resilient. 
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5. DISCUSSION 
 
 The aim of the model presented here is to support an exploration of shifts in 
skier distribution amongst ski resorts at a regional macro-scale, due to changes in local 
snow conditions as a result of future climate change projections. To date, all studies 
analyzing the climate change impacts on ski resorts have assessed the potential 
reductions of skiers separately for each ski resort. This previous approach led in all the 
projected scenarios to a decrease in skier attendance for all the ski resorts (i.e., Scott et 
al. 2003, 2008, Dawson et al. 2009, Steiger 2010, Pons-Pons et al. 2012). In contrast 
with these studies, this approach presented here shows that the vulnerability of the ski 
resorts within the same geographical region can be affected by the response of skiers to 
poor snow conditions. The agent-based model permitted the inclusion of the individual 
behavioral response of skiers by means of an activity or spatial substitution when their 
typically frequented ski resort was closed due to poor snow conditions.  
 
Results from this analysis are used to classify the ski resorts in three different groups. A 
first group consists of highly vulnerable ski resorts that will suffer an attendance 
reduction on its attendance of visitors in both mild and strong climate change scenarios. 
This group is usually characterized by conditions that make it difficult to ensure a snow-
reliable season, such as low elevation (Steiger, 2010; Pons-Pons et al, 2012), south 
oriented areas, with a predominant Mediterranean influence (Lopez-Moreno et al., 
2009) and also a low touristic attractiveness compared to other nearby competitors. A 
second group consists of low vulnerability ski resorts that will suffer a reduction in 
attendance under a strong climate change scenario, but not in a mild one, where these 
resorts would keep their current level of skier attendance or even increase it. This group 
is usually characterized by ski resorts with medium capacity to assure enough snow and 
a medium attractiveness factor to capture skiers from other closed ski resorts. Lastly a 
third group consists of resilient ski resorts, with good conditions to assure future snow 
availability (high elevations, north oriented slopes, more Atlantic influence (López-
Moreno et al., 2009) and with a high attractiveness factor, which makes them able to 
offer longer ski seasons than their competitors and to attract skiers from closed ski 
resorts. Ski resorts classified in this group will increase their skier attendance in both 
low and high climate change scenarios.  A new variable, the attractiveness of each ski 
resort, was included in the analysis of the climate change impacts on the winter tourism. 
By means of a gravity model, this variable, characterized by structural and supply 
features of each ski resort, allows, together with distances between ski resorts, to project 
the potential redistribution of skiers. This attractiveness factor is found to affect the 
vulnerability of each ski resort. Ski resorts able to offer longer ski seasons compared to 
other ski resorts, plus having a high attractiveness factor are considered to be the most 
resilient to climate change impacts.  
 
 The second parameter of the gravity model, the travel distance between ski 
resorts was found not to have a huge impact in the particular case study of the Pyrenees. 
In this case, the shifting options for skiers, and consequently the sensitivity to alpha in 
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Dijα, are highly reduced due to the resulting configuration of vulnerable and resilient 
ski resorts to climate change. This is because the redistribution is performed mainly and 
only among the limited resilient resorts, which also stand as the more attractive ones 
and with already a high attendance on comparison with the attracted skiers.  However, 
when testing the model sensitivity to α	  under less severe conditions (i.e., homogenous 
attractiveness and variability in the projected season length reduction), this variable 
becomes a significant parameter to take into account in the model. Therefore, it has to 
be considered to apply this model to other regions and correctly calibrate the model. 
 
Due to the low frequency in the occurrence of years with analogous conditions to future 
climate scenarios and the scarcity of detailed historical data of skier attendance at each 
ski resort, the validation of the model results is a central challenge to the modeling 
process. Despite this constraint, the error of the model is acceptable for a first stage of 
development. There are several key sources of error that can affect the model outcomes. 
First, there is inherent error of the snow cover regional model used and its resolution to 
capture enough local variability. Second, because of high competition between ski 
resorts, there is limited availability of the skier attendance data, and its reliability should 
be questioned. This unreliability of resort-sourced data is an issue that could 
compromise the comparison of projected skiers attendance with the analogous year. 
Finally, since there is no Pyrenean survey so far capturing the adaptive behavior of 
skiers when confronted with poor snow conditions, results of surveys from different 
studies in the Alps (Behringer et al., 2000) and USA (Dawson, 2011) were used. In 
addition to the share of temporal substitution, not taken into account in this study, this 
issue could also introduce a significant error to the model because the dynamics and the 
response of the Pyrenean tourists may be different. 
 
Future areas of refinement of this work will focus on reducing the error of the model 
and improve the accuracy of the projected results. To achieve this we are working to 
create and use snow cover models with higher spatial resolution, able to better capture 
the regional variability at a local scale in the future snow depth of each ski resort. 
Additionally, a survey will be designed and carried out to capture the behavioral 
response of visitors when facing poor snow conditions for the Pyrenees region. 
Moreover, the segregation of different adaptative behaviors based on different skier 
profiles and the influence of the future scarcity of resources like fuel or water, or the 
effect of crowdedness will be considered in order to analyze potential sensible variables 
that could constraint the ski industry. One of the main limitations of the current model 
version is the use of the distance. The suitable distance to consider when modeling 
skiers redistribution should be the distance between the skier home origin and the 
selected ski resort. Our initial purpose was to build the gravity model or the radiation 
model (Simini, et al., 2012) using this information. Even though the distance between 
resorts does not exactly represent the reality of the dynamic with the available data it 
was the only solution to include in this first version the distance effect on the decision 
process. To overcome this limitation, a future survey will gather information about the 
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origin and travel behavior of skiers to consider skier home origin and not the frequented 
ski resort. Finally, the gravity approach, lacking a powerful theoretical guidance, relies 
on adjustable parameters to fit empirical data that vary from region to region. In this 
line, non-parametric approaches like the radiation model (Simini et al., 2012.) could be 
tested in a future in order to improve the projected redistribution of skiers among the 
remaining ski resorts. 
 
6. CONLUSIONS 
 
A georeferenced ABM methodology coupled with a gravity model was used to simulate 
climate change impacts on winter tourism, and specifically used to analyze the 
interaction between physical changes (i.e., snowpack and resulting season length) and 
socioeconomic implications (i.e., potential shifts in number of skiers). Unlike many of 
the models used to date to analyze climate change impacts on ski industry, this 
methodology permits the inclusion of behavioral response of skiers. The study assessed 
the effects of spatial and activity substitution on the shifts in the future redistribution of 
skiers among the ski resorts at a regional scale. This study proposes a new approach to 
better understand and explore how the potential behavioral responses identified in 
previous studies could affect the final outcome of climate change impacts assessment. 
In addition to the identified behaviors and responses of tourists, this framework could 
be also useful in a future to explore the influence of tourist behavior and responses to 
other factors that could affect their dynamics such as petrol price or crowding avoidance 
in destinations once the appropriate information have been generated and available.   
 
Thus, this approach fosters the understanding of the climate change impacts on winter 
tourism in any region of the world, by means of a better characterization of the 
variability of the ski resorts vulnerability in a close geographical area including the 
effect of the behavioral adaptation of tourists. The high variability detected on the level 
of impacts at short distances leads not to a significant regional pattern about the 
vulnerability. In this line, we found that in the same region can be two resorts located at 
a really short distance with significant different level of vulnerability. However and 
congruent with previous cited literature, low elevation areas, with a predominance of 
south oriented slopes present a higher vulnerability. In the particular case of the 
Pyrenees, those resorts with a higher Mediterranean influence and those with little 
diversity of complementary activities to ski were identified as the more vulnerable to 
future climate change. Otherwise, those with a higher Atlantic influence, located at 
higher elevations, more north oriented and with a more diversified complementary to 
ski activities were identified as the more resilient ones. In the case of the Pyrenean 
region, our results show that, even more than a significant reduction in the ski market, 
the main effect of climate change will be a redistribution and consolidation of the 
current market, reallocating the visitors of more vulnerable ski resorts to the most 
resilient ones, able to offer longer ski seasons plus having a higher attractiveness factor 
than their competitors. Furthermore, the clustering of the ski resorts on the basis of their 
vulnerability is of a great value for managers and policymakers in order to identify 
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targets to focus the efforts and design the suitable measures for adaptation strategies for 
each ski resort. 
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Influencia	  del	  cambio	  climático	  en	  el	  turismo	  de	  nieve	  del	  Pirineo.	  
Experiencia	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  Marc	  Pons	  a,b,	  Juan	  Ignacio	  López	  Morenoc	  Pere	  Esteband,	  Santi	  Maciàd,	  Jordi	  Gavaldàe,	  Carles	  Garcíaf,	  ,	  Martí	  Rosasb	  y	  Eric	  Jovera	  	  	  a	  Observatori	  de	  la	  Sostenibilitat	  d’Andorra	  (OBSA)	  b	  Sustainability	  Measurement	  and	  Modeling	  Laboratory	  de	  la	  Universitat	  Politècnica	  de	  Catalunya	  (SUMMLAB-­‐UPC)	  c	  Instituto	  Pirenaico	  de	  Ecología	  del	  Consejo	  Superior	  de	  Investigaciones	  Científicas	  (IPE-­‐CSIC)	  d	  Centre	  d’Estudis	  de	  la	  Neu	  i	  la	  Muntanya	  d’Andorra	  del	  Institut	  d’Estudis	  Andorrans	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  Geològic	  de	  Catalunya	  	  (IGC)	  	   (Accepted	  in	  Pirineos	  in	  June	  2014)	  	  Abstract:	  	  	   In	  the	  last	  decades,	  several	  studies	  have	  demonstrated	  and	  given	  a	  valuable	  insight	  about	  the	  existence	  of	  a	  global	  climate	  change.	  Even	  though	  the	  existence	  of	  a	   high	   regional	   heterogeneity	   about	   the	   level	   and	   temporality	   of	   climate	   change	  impacts,	   the	   trends	   of	   the	   potential	   future	   changes	   on	   the	   temperature	   and	  precipitation	  patterns	  are	  better	  known	  and	  consequently	  the	  potential	  impacts	  on	  the	   biosphere	   and	   the	   cryosphere.	   In	   this	   context,	   mountain	   regions	   have	   been	  identified	  as	  highly	  vulnerable	  areas	  to	  the	  effects	  of	  climate	  change	  and	  especially	  interesting	   areas	   for	   the	   detection	   and	   assessment	   of	   the	   potential	   changes	   and	  impacts.	  Moreover,	   in	   the	   last	   few	  decades,	  winter	   tourism,	  highly	  dependent	  on	  weather	  and	  snow	  availability,	  has	  become	  one	  of	  the	  main	  economic	  activities	  and	  source	   of	   local	   development	   in	   many	   mountain	   regions	   around	   the	   world.	   The	  Pyrenees,	  one	  of	  the	  most	  important	  winter	  tourism	  areas	  in	  Europe	  after	  the	  Alps,	  is	  a	  clear	  example	  of	  this	  pattern.	  	  	   The	   aim	   of	   the	   NIVOPYR	   project,	   an	   international	   research	   project	   in	   the	  framework	   of	   the	  Working	   Community	   of	   the	   Pyrenees	   (CTP),	   is	   to	   analyze	   the	  effects	   of	   the	   climate	   change	   on	   the	   winter	   tourism,	   and	   especially	   alpine	   ski	  tourism,	  in	  the	  Pyrenees.	  In	  order	  to	  achieve	  this	  objective	  the	  project	  intended	  to	  joint	  the	  current	  knowledge	  about	  the	  effects	  of	  climate	  change	  on	  temperatures,	  precipitations,	   snow	   cover	   and	   skiers	   behavior	   in	   the	   Pyrenees	   and	   develop	   for	  first	  time	  objective	  and	  accurate	  results	  for	  this	  area.	  To	  achieve	  this	  goal	  several	  methods	   have	   been	   used	   including,	   historical	   analysis	   of	   climatical	   series	  evolution,	   assessment	   of	   different	   future	   climate	   change	   scenarios	   for	   the	  Pyrenees,	  modeling	  future	  snowpack	  based	  on	  surface	  energy	  balance	  models	  and	  agent	  based	  modeling	  for	  coupling	  physical	  and	  socioeconomic	  parameters.	  One	  of	  the	   main	   results	   of	   this	   project	   was	   the	   identification	   of	   different	   ski	   resorts	  profiles	  depending	  on	  their	  vulnerability	  to	  climate	  change.	  Three	  different	  groups	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were	   identified.	  The	   first	  group	   includes	   the	  high	  vulnerable	   ski	   resorts,	   effected	  both	  by	  a	  mid	  and	  a	  high-­‐climate	  change	  scenario.	  The	  second	  group,	  includes	  the	  low	  vulnerable	  ski	  resorts,	  affected	  by	  a	  high-­‐climate	  change	  scenario	  but	  able	  to	  be	   viable	   with	   technical	   adaptation	  measures	   in	   a	   mid-­‐climate	   change	   scenario.	  Finally,	   the	   group	   of	   resilient	   ski	   resorts	   includes	   the	   geographically	   and	  socioeconomically	  privileged	  compared	  to	  the	  rest	  of	  Pyrenean	  ski	  resorts.	  These	  ski	  resorts	  would	  be	  viable	  both	  in	  a	  mid	  and	  a	  high-­‐climate	  change	  scenario	  just	  applying	  technical	  adaptation	  strategies.	  	  	   	  	  	  	  Keywords:	  Climate	  Change,	  Snow	  Cover,	  Winter	  tourism,	  Pyrenees,	  Adaptation	  Climate	  uncertainty.	  	  Resumen:	  	  	  	  	   En	  los	  últimos	  años	  multitud	  de	  estudios	  han	  evidenciado	  y	  corroborado	  la	  existencia	   de	   un	   cambio	   climático	   global.	   A	   pesar	   de	   la	   existencia	   de	   una	   gran	  heterogeneidad	  regional	  en	  el	  grado	  y	  la	  temporalidad	  de	  los	  posibles	  impactos	  del	  cambio	   climático,	   cada	   vez	   se	   conocen	   mejor	   cuales	   pueden	   ser	   las	   tendencias	  futuras	  sobre	  posibles	  cambios	  en	  regímenes	  de	   temperatura	  y	  precipitaciones	  y	  por	   lo	   tanto	  en	  otros	   impactos	   indirectos	  sobre	   la	  biosfera	  o	   la	  criosfera.	  En	  este	  contexto,	   las	   áreas	   de	   montaña	   han	   sido	   identificadas	   como	   regiones	  especialmente	   vulnerables	   a	   los	   efectos	   del	   cambio	   climático	   y	   zonas	   de	   gran	  interés	  para	   la	  detección	  y	  evaluación	  de	   los	  posibles	   impactos.	  Por	  otro	   lado,	  en	  las	  últimas	  décadas,	  el	  turismo	  de	  invierno,	  altamente	  sensible	  a	  los	  cambios	  en	  la	  meteorología	   y	   la	   disponibilidad	   de	   nieve,	   se	   ha	   convertido	   en	   una	   de	   las	  principales	  actividades	  económicas	  en	  muchas	  zonas	  de	  montaña	  y	  ha	   jugado	  un	  papel	   clave	   y	   fundamental	   como	   fuente	   de	   ingreso	   y	   desarrollo	   local.	   Un	   claro	  ejemplo	  es	  el	  caso	  de	  los	  Pirineos,	  una	  de	  las	  regiones	  europeas	  más	  importantes	  en	  lo	  que	  se	  refiere	  a	  turismo	  de	  invierno	  después	  de	  los	  Alpes.	  	  	  	  	   La	  motivación	   principal	   del	   proyecto	  NIVOPYR,	   proyecto	   de	   investigación	  multinacional	  en	  el	  marco	  de	  la	  Comunidad	  de	  Trabajo	  de	  los	  Pirineos	  (CTP),	  es	  la	  de	  evaluar	  la	  posible	  influencia	  del	  cambio	  climático	  en	  la	  evolución	  del	  turismo	  de	  nieve,	  y	  más	  específicamente	  el	  esquí	  alpino,	  en	  esta	  región.	  Así,	  se	  han	  realizado	  diferentes	   tareas	   orientadas	   a	   integrar	   el	   conocimiento	   ya	   existente	   en	   los	  patrones	   presentes	   y	   futuros	   de	   las	   temperaturas,	   precipitaciones,	   cobertura	   de	  nieve	  y	  comportamiento	  de	  los	  esquiadores,	  desarrollar	  metodologías	  de	  análisis	  y	  	  obtener	  por	  primera	  vez	  datos	  objetivos	  para	  la	  región	  Pirenaica.	  	  De	  este	  modo,	  se	  han	   obtenido	   tres	   perfiles	   diferentes	   de	   estaciones	   de	   esquí	   dependiendo	   de	   su	  vulnerabilidad	   frente	   al	   cambio	   climático.	   Un	   primer	   grupo	   de	   estaciones,	  identificado	  como	  altamente	  vulnerables,	  se	  vería	  afectado	  tanto	  por	  un	  escenario	  de	  cambio	  climático	  medio	  como	  en	  uno	  de	  mas	  intensivo	  y	  por	  lo	  tanto	  deberán	  contemplar	  la	  aplicación	  de	  medidas	  de	  adaptación	  estructurales,	  como	  una	  mayor	  desestacionalización	  y	  diversificación	  de	  su	  actividad	  turística.	  Las	  estaciones	  del	  segundo	  grupo,	  consideradas	  de	  baja	  vulnerabilidad,	  podrían	  seguir	  operando	  con	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medidas	  de	  adaptación	  técnicas	  bajo	  un	  escenario	  de	  cambio	  climático	  medio	  pero	  no	  bajo	  un	  escenario	  de	  cambio	  climático	  más	  intenso.	  Finalmente,	  el	  tercer	  grupo,	  	  engloba	   las	   estaciones	   consideradas	   como	   resilientes.	   Estas	   estaciones,	   debido	   a	  una	   situación	   geográfica	   y	   socioeconómica	   privilegiada	   frente	   al	   resto	   de	  estaciones	  del	  Pirineo,	  se	  verían	  poco	  afectadas	   tanto	  por	  un	  escenario	  medio	  de	  cambio	  climático	  	  como	  uno	  de	  más	  elevado.	  	  	  	  Palabras	  clave:	  Cambio	  climático,	  Cobertura	  de	  nieve,	  Turismo	  de	  invierno,	  	  Pirineos,	  	  Adaptación,	  Variabilidad	  Climática.	  	  	  
1. Introducción	  	  	  	   En	  las	  últimas	  décadas,	  el	   turismo	  de	  invierno	  y	  de	  nieve	  se	  ha	  convertido	  en	  una	  de	   las	  principales	  actividades	  económicas	  en	  muchas	  zonas	  de	  montaña	  y	  ha	  jugado	  un	  papel	  clave	  y	  fundamental	  como	  fuente	  de	  ingreso	  y	  desarrollo	  local	  (WTO-­‐UNEP,	   2003;	   Lasanta	   et	   al.,	   2007).	   Se	   estima	   que	   el	   turismo	   de	   invierno,	  principalmente	  el	  generado	  por	  las	  estaciones	  de	  esquí	  alpino,	  mueve	  anualmente	  unos	  400	  millones	  de	   visitantes	   en	   las	   principales	   cordilleras	  del	  mundo	   (Vanat,	  2013).	  Un	   claro	  ejemplo	  es	  el	   caso	  de	   los	  Pirineos,	  una	  de	   las	   regiones	  europeas	  más	  importantes	  en	  lo	  que	  se	  refiere	  a	  turismo	  de	  invierno	  después	  de	  los	  Alpes.	  Con	  unos	  11	  millones	  de	  visitantes	  al	  año	  repartidos	  en	  las	  más	  de	  50	  estaciones	  de	  esquí	  de	  fondo	  y	  alpino	  españolas,	  francesas	  y	  andorranas,	  el	  sector	  del	  turismo	  de	   nieve,	   ya	   sea	   de	   forma	   directa	   o	   indirecta,	   actúa	   como	   principal	   actividad	  económica	  y	  de	  desarrollo	  para	  gran	  parte	  de	   las	  comarcas	  y	  regiones	  pirenaicas	  que	  en	  gran	  medida	  se	  sustentan	  y	  dependen	  de	  este	  sector1.	  En	  el	  caso	  del	  Pirineo,	  el	  impacto	  socioeconómico	  de	  las	  estaciones	  de	  esquí	  ha	  sido	  desigual,	  	  a	  la	  vez	  que	  ha	   conllevado	   unos	   impactos	   ambientales	   asociados	   al	   abandono	   del	   sector	  primario	   y	   una	   transición	   hacia	   una	   económica	   fuertemente	   dependiente	   del	  turismo	  de	  esquí	  principalmente	  en	  las	  proximidades	  de	  las	  estaciones	  (Lasanta	  et	  al.,	  2007b).	  	  	  	   Por	  otro	   lado,	  en	   los	  últimos	  años	  multitud	  de	  estudios	  han	  evidenciado	  y	  corroborado	  la	  existencia	  de	  un	  cambio	  climático	  global	  (IPCC,	  2013).	  A	  pesar	  de	  la	  existencia	  de	  una	  gran	  heterogeneidad	  regional	  en	  el	  grado	  y	   la	   temporalidad	  de	  los	   posibles	   impactos	   del	   cambio	   climático,	   cada	   vez	   se	   conocen	   mejor	   cuales	  pueden	  ser	  los	  posibles	  cambios	  en	  regímenes	  de	  temperatura	  y	  precipitaciones	  y	  por	   lo	  tanto	  en	  otros	   impactos	   indirectos,	  como	  la	  biosfera	  o	   la	  criosfera.	  En	  este	  contexto,	   las	   zonas	   de	   montaña	   han	   sido	   identificadas	   como	   regiones	  especialmente	  vulnerables	  a	  los	  efectos	  del	  cambio	  climático	  (Beniston,	  2003).	  Por	  un	  lado,	  debido	  al	  ritmo	  al	  que	  se	  están	  produciendo	  estos	  cambios,	  por	  ejemplo	  en	  el	   incremento	   de	   la	   temperatura	  media	   terrestre,	   el	   cual	   se	   está	   detectando	   ser	  superior	  a	  la	  media	  global	  (El	  Kenawy,	  2012;	  Esteban	  et	  al.	  2012).	  Por	  otro	  lado,	  el	  gradiente	   altitudinal	   propio	   de	   los	   territorios	   de	   montaña	   induce	   a	   una	   gran	  variedad	  fisiológica	  y	  biológica	  con	  abruptos	  cambios	  en	  la	  fauna	  y	  la	  vegetación	  y	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  1	  Datos	  propios	  obtenidos	  a	  partir	  de	  hemeroteca	  ,	  DSF,	  2012,	  ATUDEM,	  2013	  y	  
SkiAndorra	  2013	  .	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con	   una	   gran	   sensibilidad	   a	   pequeñas	   variaciones	   climáticas	   (Keller,	   2000).	  Finalmente,	   el	   fuerte	   vínculo	   existente	   entre	   sistemas	  naturales	   y	   sociales	   en	   las	  zonas	  de	  montaña	  conlleva	  que	  el	  impacto	  de	  los	  cambios	  ambientales	  sea	  mucho	  más	   evidente	   y	   directo	   que	   en	   otras	   zonas.	   Cambios	   en	   los	   regímenes	   de	  precipitaciones	   y	   por	   lo	   tanto	   en	   los	   patrones	   hidrológicos	   pueden	   	   alterar	   la	  capacidad	  de	  producción	  hidroeléctrica	  o	  cambios	  en	  la	  ocurrencia	  de	  fenómenos	  extremos	   pueden	   inducir	   un	   incremento	   de	   los	   impactos	   socioeconómicos	  derivados	   de	   los	   riesgos	   naturales	   como	   los	   aludes	   o	   los	   deslizamientos.	   Sin	  embargo,	  uno	  de	   los	   ejemplos	  más	  evidentes	  es	   la	   vulnerabilidad	  del	   turismo	  de	  nieve	  frente	  a	  los	  posibles	  efectos	  del	  cambio	  climático.	  A	  pesar	  de	  que	  el	  cambio	  climático	   es	   sólo	   uno	   de	   los	   factores	   que	   influyen	   en	   el	   turismo	   de	   invierno,	   la	  presencia	  o	  ausencia	  de	  nieve,	  en	  concreto	  el	  espesor	  de	  nieve	  y	  su	  temporalidad	  son	  elementos	  claves	  a	  la	  hora	  de	  valorar	  la	  viabilidad	  y	  la	  sostenibilidad	  a	  medio	  y	  largo	   plazo	   del	   sector.	   Por	   este	   motivo,	   la	   evaluación	   de	   los	   efectos	   del	   cambio	  climático	  sobre	  la	  cobertura	  natural	  y	  la	  capacidad	  de	  producción	  de	  nieve	  es	  vital	  y	  necesaria	  para	  valorar	  los	  posibles	  impactos	  socioeconómicos	  en	  una	  región	  tan	  dependiente	  de	  esta	  actividad	  como	  los	  Pirineos.	  	   	   Hasta	   la	   fecha,	  diversos	  estudios	  han	  analizado	  con	  mayor	  o	  menor	  detalle	   la	   afectación	   del	   cambio	   climático	   en	   algunas	   de	   las	   principales	   regiones	  alpinas	   del	   mundo.	   La	   mayoría	   de	   estos	   estudios	   se	   han	   centrado	   en	   los	   Alpes	  (König	  &	  Abegg,	  1997;	  Breiling	  &	  Charamza,	  1999;	  Elsasser	  &	  Bürki,	  2002;	  Abegg	  et	  al,	  2007;	  Steiger,	  2012;	  Steiger	  et	  al,	  2013;	  Uhlmann	  et	  al.,	  2009;	  Töglhofer	  et	  al.,	  2011),	   Canadá	   (McBoyle&	   Wall,	   1987;	   Scott	   et	   al.,	   2003;	   2007)	   y	   los	   Estados	  Unidos	  (Dawson	  et	  al.,	  2010;	  2013),	  aunque	  países	  como	  Suecia	  (Moen&	  Fredman,	  2007),	   Australia	   (Hennessy	   et	   al.,	   2003;	   Bicknell&McManus,	   2006),	   Japón	  (Fukushima	   et	   al.,	   2003)	   o	  Nueva	   Zelanda	   (Hendrikx&Hreinsson,	   2012)	   también	  han	   sido	   analizados.	   Sin	   embargo,	   en	   el	   momento	   de	   iniciar	   este	   proyecto,	   no	  existía	  ningún	  estudio	  científico	  que	  analizara	  la	  influencia	  del	  cambio	  climático	  en	  el	  turismo	  de	  invierno	  en	  los	  Pirineos.	  	  	  
Algunos	  de	  estos	  estudios,	  principalmente	  enfocados	  en	  analizar	   los	   impactos	  
en	   la	   oferta	   (estaciones	   de	   esquí),	   solo	   tienen	   en	   cuenta	   la	   nieve	   natural	   en	   sus	  
modelos	  (Uhlmann	  et	  al.,	  2009)	  o	  utilizan	   indicadores	  que	  no	  son	  relevantes	  para	   las	  
estaciones	  de	  esquí	  como	  por	  ejemplo	  los	  días	  de	  cobertura	  de	  nieve,	  definidos	  con	  un	  
umbral	  de	  2,5	  cm	  de	  nieve	  (Lamothe	  &	  Périard,	  1988),	  cuando	  las	  estaciones	  de	  esquí	  
requieren	  espesores	  de	  entre	  20-­‐100	  cm	  de	  nieve	  para	  operar	  una	  pista	  de	  esquí	  (Scott	  
et	   al,	   2012).	   	   Con	   la	   excepción	   de	   algún	   estudio	   utilizando	   modelos	   estadísticos	  
relacionando	   el	   espesor	   de	   nieve	   con	   otros	   parámetros	   climatológicos,	   (Moen	   and	  
Fredmand,	   2007),	   la	   mayoría	   utilizan	  modelos	   físicos	   de	   nieve.	   Una	   de	   las	   mayores	  
limitaciones	  del	  uso	  de	  modelos	  estadísticos	  es	  que	  omiten	  el	  efecto	  de	  los	  sistemas	  de	  
producción	  de	  nieve	  en	  la	  disponibilidad	  de	  nieve.	  Esta	  limitación,	  no	  solo	  presente	  en	  
los	   estudios	   con	   modelos	   estadísticos,	   	   sino	   también	   en	   algunos	   usando	   modelos	  
físicos	  es	  la	  principal	  limitación	  de	  la	  mayoría	  de	  estudios	  analizando	  la	  vulnerabilidad	  
de	   las	   estaciones	   de	   esquí	   	   (Scott	   et	   al.,	   2012).	   Este	   aspecto,	   es	   clave	   ya	   que	   los	  
estudios	   omitiendo	   los	   efectos,	   tanto	   positivos	   como	   negativos	   de	   la	   nieve	   de	  
producción	  no	  permiten	  reflejar	  la	  realidad	  de	  la	  situación	  en	  la	  mayoría	  de	  estaciones	  
de	   todo	   el	   mundo.	   En	   la	   actualidad,	   gran	   parte	   de	   los	   dominios	   esquiables	   están	  
equipados	  con	  sistemas	  de	  producción	  de	  nieve	  y	  el	  porcentaje	  de	  pistas	  cubiertas	  se	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ve	   incrementado	   año	   a	   año	   (Steiger,	   2008).	   Los	   estudios	   incorporando	   este	   aspecto	  	  
(Scott	  et	  al.,	  2003,	  2007;	  Hennessy	  et	  al.,	  2008;	  Steiger,	  2010)	  muestran	  en	  diferentes	  
regiones	  que	  el	  impacto	  previsto	  en	  estudios	  previos,	  teniendo	  en	  cuenta	  solo	  la	  nieve	  
natural,	   	   sería	   en	   realidad	  menor	   cuando	   se	   tiene	   en	   consideración	   este	   aspecto.	   A	  
pesar	  de	  estas	  limitaciones	  y	  la	  heterogeneidad	  de	  metodologías	  utilizadas,	  la	  mayoría	  
de	  estos	  estudios	  son	  congruentes	  en	  señalar	  que	  un	  futuro	  cambio	  climático	  podría	  
conllevar	  un	  impacto	  negativo	  en	  la	  duración	  de	  las	  temporadas	  de	  esquí,	  la	  reducción	  
de	  zonas	  esquiables	  y	  una	  disminución	  del	  número	  de	  esquiadores	  tanto	  en	  estaciones	  
de	  baja	  altitud	  como	  de	  baja	  latitud.	  	  	  	  	   En	   este	   contexto,	   la	  motivación	  principal	   del	   proyecto	  NIVOPYR,	  proyecto	  de	   investigación	   multinacional	   en	   el	   marco	   de	   la	   Comunidad	   de	   Trabajo	   de	   los	  Pirineos	   (CTP),	   es	   la	   de	   evaluar	   la	   posible	   influencia	   del	   cambio	   climático	   en	   la	  evolución	   del	   turismo	   de	   nieve	   en	   esta	   región.	   El	   proyecto	   se	   ha	   centrado	   en	   el	  esquí	  alpino	  debido	  a	  que	  es	  el	  que	  genera	  un	  mayor	  impacto	  socioeconómico.	  Así	  se	   han	   realizado	   diferentes	   tareas	   orientadas	   a	   integrar	   el	   conocimiento	   ya	  existente,	  desarrollar	  metodologías	  de	  análisis	  y	  	  obtener	  nuevos	  datos	  necesarios	  para	  responder	  a	  este	  objetivo.	  	  La	   primera	   tarea	   era	   poner	   en	   común	   el	   conocimiento	   y	   el	   trabajo	   que	   en	   los	  últimos	  años	  diferentes	   instituciones	  de	   investigación	  han	  desarrollado	  en	   lo	  que	  se	   refiere	   al	   estudio	   del	   clima	   en	   los	   Pirineos,	   y	   en	   especial,	   lo	   referente	   a	   la	  variabilidad	   y	   disponibilidad	   de	   la	   nieve	   y	   sus	   repercusiones	   ambientales	   y	  socioeconómicas.	   Por	   un	   lado,	   el	   proyecto	   ha	   permitido	   recopilar	   e	   integrar	   los	  registros	  históricos	  de	  las	  estaciones	  disponibles	  en	  los	  Pirineos.	  Por	  otro	  lado,	  se	  han	   calculado	   indicadores	   climáticos	   y	   nivológicos	   para	   diferentes	   regiones	   del	  Pirineo	  y	  se	  han	  aplicado	  metodologías	  como	  el	  análisis	  de	  imágenes	  satélite,	  para	  ayudar	  a	  la	  comprensión,	  gracias	  a	  su	  evolución	  temporal,	  tanto	  de	  la	  variabilidad	  climática	  natural	  como	  de	  la	  influencia	  del	  cambio	  climático,	  haciendo	  un	  especial	  énfasis	  en	  la	  evolución	  del	  manto	  nivoso.	  Este	  conjunto	  de	  datos	  permite	  una	  mejor	  comprensión	   de	   las	   diferencias	   en	   los	   cambios	   que	   se	   están	   produciendo	   en	   los	  Pirineos	  respecto	  a	  otras	  regiones	  de	  montaña	  así	  como	  la	  variabilidad	  dentro	  de	  la	  misma	  cordillera	  pirenaica.	  	  	  	  	  	   En	   una	   segunda	   fase,	   se	   han	   recopilado	   todos	   los	   datos	   referentes	   a	  escenarios	  de	  cambio	  climático	  a	  partir	  de	  los	  modelos	  regionales	  disponibles	  para	  los	   Pirineos.	   A	   partir	   de	   sus	   proyecciones	   se	   ha	   realizado	   una	   detallada	  clasificación	   comparativa	   de	   variables	   físicas	   como	   las	   temperaturas,	  precipitaciones	   o	   espesores	   de	   nieve	   en	   función	   de	   los	   diferentes	   escenarios	   de	  emisiones	   y	   el	   horizonte	   temporal	   de	   las	   proyecciones.	   Con	   el	   fin	   de	   entender	  mejor	  la	  variabilidad	  futura	  del	  manto	  nivoso	  en	  los	  Pirineos,	  en	  esta	  segunda	  fase	  del	   proyecto	   se	   ha	   realizado	   una	   síntesis	   general	   de	   cómo	   el	   cambio	   climático	  puede	   afectar	   concretamente	   al	   manto	   de	   nieve	   del	   Pirineo.	   Además,	   se	   han	  realizado	   simulaciones	   del	   balance	   de	   energía	   bajo	   condiciones	   observadas	   y	  distintos	   escenarios	   de	   cambio	   climático	   mediante	   análisis	   de	   sensibilidad	   o	  utilizando	  proyecciones	  de	  modelos	  climáticos	  regionales	  (RCM’s).	  	  	   Finalmente,	   se	   han	   vinculado	   los	   cambios	   físicos	   sobre	   el	  manto	   de	   nieve	  con	   la	   vulnerabilidad	   futura	   de	   las	   estaciones	   de	   esquí.	   Una	   de	   las	   grandes	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carencias	  en	  la	  comprensión	  de	  los	  posibles	  impactos	  del	  cambio	  climático	  a	  nivel	  socioeconómico	  ha	  sido	  la	  falta	  de	  herramientas	  que	  permitan	  proyectar	  de	  forma	  objetiva	   las	   posibles	   repercusiones	   tanto	   sociales	   como	   económicas	   de	   los	  impactos	  físicos	  del	  cambio	  climático.	  De	  este	  modo,	  el	  objetivo	  final	  del	  proyecto	  ha	  sido	  el	  de	  comprender	  mejor	  y	  vincular	  de	  forma	  objetiva	  los	  posibles	  cambios	  sobre	  el	  manto	  de	  nieve	  y	   las	  capacidades	   futuras	  de	  producción	  de	  nieve	  con	   la	  vulnerabilidad	   resultante	  de	   las	   estaciones	  de	   esquí	  de	   los	  Pirineos.	  Esta	   fase	  ha	  permitido	  crear	  una	  herramienta	  de	  ayuda	  a	  la	  planificación	  y	  toma	  de	  decisiones	  en	   dominios	   esquiables	   tanto	   para	   las	   administraciones	   públicas	   como	   para	   las	  empresas	  privadas	  del	  sector.	  	  	  	  	  	  
2. Estructura	  del	  proyecto	  	  Este	   trabajo	   es	   el	   resultado	   de	   un	   proyecto	   de	   investigación	   de	   la	   CTP	   y	   más	  específicamente	  de	  su	  convocatoria	  del	  2010	  (desarrollo	  del	  proyecto	  durante	  los	  años	   2011	   y	   2012).	   Las	   regiones	   y	   países	   	   incluidos	   en	   este	   proyecto	   fueron	  Andorra,	   España	   (Aragón	   y	   Cataluña)	   y	   Francia.	   Más	   concretamente	   el	   ámbito	  geográfico	  del	  proyecto	  incluye	  las	  49	  estaciones	  de	  esquí	  alpino	  más	  importantes	  del	  Pirineo	  concentradas	  en	  una	  franja	  central	  limitada	  al	  oeste	  por	  La	  Pierre	  Saint-­‐Martin	  y	  al	  este	  por	  Vallter	  2000.	  Una	  de	  las	  peculiaridades	  de	  este	  proyecto	  es	  que	  integró	  tipologías	  muy	  variadas	  de	  actores.	  De	  hecho	  se	  organizaron	  los	  participantes	  en	  tres	  grupos	  de	  trabajo:	  	  	   -­‐	  El	  grupo	  físico	  aglutinaba	  a	  los	  climatólogos	  y	  debía	  aportar	  	   datos	  	   relacionados	   tanto	   con	   la	   variabilidad	  histórica	   de	   parámetros	   	   climáticos	  	   en	  los	  Pirineos	  como	  la	  posible	  influencia	  del	  cambio	  climático	  en	  	   estas	  	   variables.	  	   -­‐	   El	   grupo	   técnico,	   formado	   por	   profesionales	   de	   la	   nieve,	   tenía	   como	  	   objetivo	  facilitar	  los	  datos	  socioeconómicos	  relacionados	  con	  el	  turismo	  de	  	   nieve	  al	  resto	  de	  participantes,	  tales	  como	  la	  frecuentación	  de	  esquiadores	  o	  los	  días	  de	  apertura,	  	  así	  como	  identificar	  las	  variables	  técnicas	  	   que	  condicionan	   la	   viabilidad	   de	   las	   estaciones	   de	   esquí,	   por	   ejemplo	   el	   mínimo	   de	  espesor	  requerido	  para	  operar	  una	  pista	  de	  esquí.	  	   -­‐	   El	   grupo	   de	   modelización	   tenía	   por	   objetivo	   correlacionar	   los	   datos	  	   provenientes	  tanto	  del	  grupo	  físico	  como	  del	  grupo	  técnico.	  Para	  este	  fin	  se	  han	  utilizado	  diferentes	  metodologías	  como	  la	  estadística	   inferencial,	   la	  dinámica	  de	   sistemas	   y	   la	   modelización	   conjunta	   de	   modelos	   por	   agentes	   integrados	   en	  Sistemas	  de	  Información	  Geográfica.	  	  La	   estructura	   de	   este	   proyecto	   fue	   concebida	   con	   el	   objetivo	   de	   maximizar	   el	  realismo	  y	   la	  aplicabilidad	  de	   los	  modelos	  desarrollados.	  En	   la	  Figura	  1	  se	  puede	  observar	   el	   mapa	   conceptual	   del	   trabajo	   dónde	   se	   identifican	   dos	   grupos	   de	  variables.	   La	   primera	   parte	   del	  modelo,	   tiene	   por	   objetivo	   evaluar	   el	   espesor	   de	  nieve	   a	   diferentes	   cotas	   altitudinales	   y	   diferentes	   zonas	   de	   los	   Pirineos	   con	   el	  objetivo	  de	  identificar	  las	  zonas	  que	  permiten	  garantizar	  los	  30	  cm	  de	  nieve	  que	  es	  uno	  de	  los	  criterios	  internacionalmente	  reconocidos	  de	  viabilidad	  de	  una	  estación	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de	   esquí	   (Witmer,	   1986).	   En	   este	   sentido,	   no	   sólo	   se	   ha	   considerado	   la	   nieve	  natural	   sino	   también	   la	   potencialidad	   de	   producción	   de	   nieve	   de	   cultivo.	   La	  segunda	   parte	   del	   modelo	   incluye	   tanto	   las	   variables	   socioeconómicas	  relacionadas	   con	   la	   actividad	   del	   esquí	   como	   la	   respuesta	   adaptativa	   de	   los	  esquiadores	  al	  cambio	  climático.	  	  	  	  
	  Figura	  1.	  Diagrama	  del	  proyecto	  y	  del	  modelo	  desarrollado.	  	  
3. Resultados	  	  	   3.1	  Ejemplo	  de	  reconstrucción	  histórica	  	  	  En	   cualquier	   estudio	   de	   cambio	   climático	   es	   imprescindible	   tener	   un	   buen	  conocimiento	  de	   la	  evolución	  histórica	  del	  clima.	  Esto	  puede	  ser	  una	  dificultad	  si	  hacemos	  referencia	  a	  zonas	  de	  alta	  montaña	  del	  Pirineo	  dónde	  escasean	  las	  series	  de	  datos	  y	  en	  mayor	  medida	  los	  datos	  de	  calidad.	  En	  el	  marco	  de	  este	  proyecto,	  se	  ha	  aprovechado	  para	  revisar	  y	  corregir	  varias	  series	  de	  alta	  montaña	  del	  Pirineo	  Catalán.	  	  También	  se	  ha	  creado	  una	  serie	  única	  a	  partir	  de	  los	  datos	  de	  La	  Molina	  y	  de	  Vall	  de	  Núria	  con	  la	  finalidad	  de	  tener	  una	  serie	  continua	  entre	  los	  años	  1955	  y	  2012.	   Otra	   forma	   de	   estudiar	   la	   evolución	   del	   clima	   es	   a	   través	   de	   indicadores	  climáticos	  de	  referencia.	  Este	  tipo	  de	  datos	  ayudan	  a	  identificar	  las	  evidencias	  del	  cambio	   climático.	   Algunos	   de	   los	   resultados	   obtenidos	   en	   el	   marco	   de	   este	  proyecto	  ya	  han	  sido	  publicados	  en	  esta	  misma	  revista	  (Esteban	  et	  al.	  2012).	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   3.2	  Recopilación	  de	  escenarios	  existentes	  	  El	  conocimiento	  de	   las	  tendencias	  históricas	  de	   la	  evolución	  climática	  del	  Pirineo	  genera	   datos	   muy	   relevantes.	   Sin	   embargo,	   en	   el	   marco	   de	   este	   proyecto	   era	  necesario	  evaluar	  también	  sus	  posibles	  evoluciones	  futuras.	  Cada	  modelo	  climático	  se	  basa	   en	  unas	  hipótesis	   y	  metodologías	  de	   trabajo	  que	   lo	  hacen	  único.	  En	  este	  sentido,	   es	   interesante	   usar	   diversos	   modelos	   sumando	   así	   sus	   diferentes	  perspectivas	  y	  abordar	  de	  la	  manera	  más	  sólida	  posible	  el	  reto	  de	  la	  incertidumbre.	  Con	   este	   objetivo	   se	   han	   analizado	   los	   diferentes	   modelos	   de	   cambio	   climático	  existentes	   para	   el	   Pirineo	   considerando	   tanto	   modelos	   dinámicos	   como	  proyecciones	   estadísticas	   derivadas.	   En	   este	   sentido	   se	   han	   usado	   los	   modelos	  siguientes:	  	   -­‐ Información	   facilitada	   por	   MeteoFrance,	   proyecto	   ANR/SCAMPEI.	   A	  partir	   de	   las	   modelizaciones	   a	   escala	   global	   ARPEGE	   y	   LMDZ	  (resoluciones	  entre	  50	  y	  300	  km)	  se	  ha	  pasado	  a	  modelos	  mesoescalares	  como	   el	  ALADIN,	   el	  MAR	  y	   una	   versión	   especial	   del	   LMDZ.	  Además	   se	  hicieron	  correcciones	  estadísticas	  de	  las	  salidas	  basándose	  en	  análogos	  gracias	   a	   los	  datos	  de	   la	   red	  SAFRAN.	  A	  partir	   de	   aquí	   se	   obtienen	   los	  resultados	   para	   diferentes	   escenarios	   de	   cambio	   climático	   y	   para	  diferentes	  horizontes	  temporales	  y	  con	  una	  resolución	  de	  8	  km.	  En	  este	  trabajo	  se	  han	  analizado	  los	  resultados	  para	  30	  puntos	  distribuidos	  por	  todo	  el	  Pirineo	  francés	  (SCAMPEI,	  2012).	  	   -­‐ Información	   obtenida	   a	   partir	   de	   la	   Agencia	   Estatal	   de	   Meteorología	  (AEMET)	  –	  Generación	  de	  escenarios	  regionalizados	  de	  cambio	  climático	  para	   España.	   De	   la	   información	   disponible	   se	   ha	   trabajado	   con	   los	  resultados	  derivados	   	  de	  dos	  proyecciones	  del	  CMIP3-­‐AR4	   IPCC	  (la	  del	  modelo	  canadiense	  CCCMA_CGM3_1	  y	  el	  modelo	  alemán	  MPI_ECHAM5)	  y	   tres	   del	   proyecto	   ENSEMBLES	   (modelo	   alemán	   MPEH5,	   el	   noruego	  BCCR_BCM2	  y	  el	   francés	  CNR-­‐CM3).	  De	  estas	  proyecciones	  se	  obtienen	  diferentes	   escenarios	   de	   cambio	   climático	   para	   19	   puntos	   del	   Pirineo	  español	   por	   lo	   que	   hace	   referencia	   a	   las	   temperaturas	   (mínimas	   y	  máximas)	  y	  60	  puntos	  para	  datos	  de	  precipitación.	  (Brunet	  et	  al.,	  2009)	  	  	  	   -­‐ Información	   obtenida	   a	   partir	   del	   Servei	   Meteorològic	   de	   Catalunya	  (SMC)	   –	   proyecto	   ESCAT	   (Barrera-­‐Escoda	   y	   Cunillera,	   2011;	   ESCAT,	  2012).	  A	  partir	  de	  las	  salidas	  de	  modelos	  globales	  (el	  alemán	  ECHAM5),	  se	   deriva	   información	   de	   alta	   resolución	   a	   partir	   del	   acoplamiento	   de	  modelos	   meteorológicos	   mesoescalares	   (MM5)	   con	   los	   de	   circulación	  general	   y	   así	   derivar	   la	   información	   a	   gran	   escala	   hasta	   los	   15	   km	   de	  resolución.	  En	  este	   trabajo	  se	  han	  considerado	  valores	  globales	  para	  el	  Pirineo	  catalán	  de	  temperatura,	  precipitación,	  viento	  y	  humedad	  relativa	  para	  diferentes	  escenarios	  de	  cambio	  climático.	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Sumando	   estas	   diferentes	   fuentes	   de	   información	   se	   puede	   obtener	   una	   buena	  perspectiva	   de	   las	   posibles	   tendencias	   de	   las	   alteraciones	   provocadas	   por	   el	  cambio	   climático	   en	   la	   temperatura	   y	   las	   precipitaciones	   para	   el	   conjunto	   del	  Pirineo	  y	   considerando	  una	   importante	  variabilidad	  metodológica.	  Centrándonos	  en	   la	   temporada	   invernal	   y,	   como	  ejemplo,	  presentamos	  en	   la	   siguiente	   figura	   la	  evolución	   de	   la	   temperatura	   máxima	   para	   tres	   horizontes	   temporales	   cercano	  (2020-­‐2050),	   mediano	   (2040-­‐2070)	   y	   lejano	   (2070-­‐2100)	   y	   para	   diferentes	  escenarios	   de	   cambio	   climático	   (A1B,	   A1B-­‐1,	   A1B-­‐2,	   A2	   y	   B1)	   (Figura	   2).	   	   La	  temperatura	  máxima	  muestra	   un	   importante	   impacto	   de	   las	   concentraciones	   de	  gases	   de	   efecto	   invernadero	   futuras	   con	   incrementos	   en	   todos	   los	   puntos	   y	  escenarios	  estudiados.	  Este	  incremento	  medio	  es	  más	  marcado	  cuanto	  más	  lejano	  es	  el	  horizonte	  temporal	  pasando	  de	  entre	  1,1°	  y	  1,9°C	  para	  el	  horizonte	  cercano	  a	  entre	  2,1°	  y	  4°C	  para	  el	  horizonte	   lejano.	  También	  cabe	  destacar	  que	  cuanto	  más	  lejana	   es	   la	   proyección	   mayor	   es	   la	   variabilidad	   de	   los	   resultados	   tanto	   de	   un	  mismo	  modelo	  en	  diferentes	  zonas	  geográficas	  	  como	  entre	  diferentes	  modelos.	  En	  definitiva,	   hay	   un	   incremento	   de	   la	   incertidumbre	   y	   de	   la	   disparidad	   de	   los	  resultados.	  Así	  por	  ejemplo,	  para	  el	  horizonte	   lejano	  algún	  modelo	  (BCCR_BCM3)	  muestra	   sólo	   incrementos	   moderados	   e	   incluso	   en	   algunos	   puntos	   inferiores	   a	  +1°C	   cuando	   el	  modelo	   LMDZ	  muestra	   resultados	   que	   en	   algunos	   casos	   pueden	  superar	  los	  +5°C.	  	  	   	  
Figura	  2.	  Distribución	  de	  la	  evolución	  de	  la	  temperatura	  máxima	  (de	  noviembre	  a	  abril)	  invernal	  de	  diferentes	  puntos	  del	  Pirineo	  en	  función	  de	  diferentes	  modelos,	  escenarios	  de	  emisiones	  y	  a	  diferentes	  horizontes	  temporales.	  Para	  abordar	  el	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problema	  de	  la	  incertidumbre	  se	  han	  utilizado	  diferentes	  modelos	  de	  diferentes	  fuentes:	  Météo-­‐France	  (SCAMPEI)	  i	  AEMET.	  	  	  	   3.3	  Escenarios	  específicos	  de	  evolución	  del	  manto	  de	  nieve	  	  	   Uno	   de	   los	   objetivos	   del	   proyecto	   era	   poder	   determinar	   qué	   evolución	  podría	   tener	  el	  manto	  de	  nieve	  en	  diferentes	  zonas	  del	  Pirineo	  y	  para	  diferentes	  bandas	  altitudinales.	  Con	  este	  objetivo	   se	   realizaron	  diferentes	  proyecciones	  que	  sirvieron	   como	   datos	   de	   entrada	   al	   modelo	   regional	   detallado	   en	   la	   siguiente	  sección.	  Así	  por	  ejemplo	  se	  han	  usado	  por	  un	  lado,	  resultados	  ya	  publicados	  sobre	  proyecciones	  del	  manto	  nivoso	  en	  el	  Pirineo,	  generados	  a	  partir	  de	  un	  modelo	  de	  balance	  de	   energía	  de	   la	  nieve	   alimentado	  por	  proyecciones	   futuras,	   a	   partir	   del	  modelo	   climático	   regional	   HIRHAM	   (Christensen	   et	   al.,	   1998),	   de	   las	   variables:	  temperatura	  del	  aire,	  punto	  de	  rocío,	  precipitación,	  viento,	  presión	  en	  superficie	  y	  radiación	   solar	   incidente	   (López-­‐Moreno	   et	   al.,	   2009).	   Por	   otro	   lado,	   también	   se	  han	   generado	   datos	   nuevos	   obtenidos	   a	   partir	   de	   la	  modelización	   del	  manto	   de	  nieve	  a	  2000	  m	  de	  altura	  en	  una	  estación	  meteorológica	  cercana	  a	   la	  estación	  de	  esquí	  de	  Formigal	  (Izas	  a	  2.056	  m).	  Para	  ello,	  se	  ha	  utilizado	  el	  modelo	  CRHM	  (Cold	  Region	   Hydrological	   Model).	   Los	   resultados	   han	   mostrado	   cómo	   bajo	   los	  escenarios	  de	  cambio	  climático	  podemos	  tener	  una	  reducción	  de	  entre	  el	  15	  y	  25%	  de	   acumulación	   de	   nieve	   y	   entre	   el	   10	   y	   20%	   de	   su	   duración	   (alrededor	   de	   un	  mes).	   El	   ritmo	   de	   fusión	   puede	   verse	   también	   notablemente	   alterado.	   Con	   el	  objetivo	  de	  adaptarse	  a	  las	  necesidades	  de	  datos	  físicos	  como	  entradas	  del	  modelo	  se	   han	   considerado	   dos	   escenarios	   de	   cambio	   climático.	   El	   primero	  correspondiendo	  a	  un	   incremento	  de	  +2°C,	   equivalente	  al	   escenario	  B2	  del	  SRES	  IPCC	   (IPCC,	   2007)	   y	   un	   segundo	   escenario	   más	   extremo	   con	   un	   incremento	   de	  +4°C,	  equivalente	  al	  escenario	  A2.	  El	  uso	  de	  la	  nomenclatura	  +2°C	  y	  +4°C	  para	  los	  escenarios	  se	  debe	  principalmente	  a	  dos	  motivos.	  Por	  un	  lado,	  la	  referencia	  solo	  al	  cambio	  de	  temperatura	  se	  debe	  a	  que	  el	  modelo	  HIRHAM	  predice	  que	  los	  cambios	  más	   importantes	   en	   la	   cobertura	   de	   nieve	   son	   causados	   en	   mayor	   medida	   por	  temperaturas	   más	   elevadas	   que	   por	   cambios	   en	   los	   patrones	   de	  precipitaciones.	  Por	  otro	  lado,	  para	  evitar	  hablar	  de	  escenarios	  SRES	  A2	  y	  B2,	  con	  un	   horizonte	   temporal	   2070-­‐2100,	   se	   creyó	   conveniente	   simplificarlo	   con	  escenarios	   equivalentes	   +2,	   +4	   grados	  para	   simplificar	   la	   comunicación	   hacia	   las	  administraciones	  y	  gestores	  de	  la	  estaciones	  de	  esquí.	  De	  este	  modo,	  el	  uso	  de	  esta	  nomenclatura	  permite	  equiparar	  los	  escenarios	  futuros	  a	  temporadas	  pasadas	  con	  una	   anomalía	   climática	   similar	   a	   la	   proyectada	   y	   analizar	   y	   concienciar	   a	   los	  actores	  implicados	  de	  los	  posibles	  impactos	  sobre	  el	  sector. 	  	   3.4	  Modelo	  agregado	  de	  impactos	  físicos	  y	  socioeconómicos	  del	  cambio	  	   	  	  	  	  	   	  	  	   	  	  	  	  	  	  	  climático	  	  	   Una	  vez	  analizados	  cuáles	  podrían	  ser	   los	   impactos	  del	  cambio	  climático	  a	  nivel	   físico	  y	  en	  especial,	   los	  efectos	  sobre	   la	  cobertura	  de	   la	  nieve	  del	  Pirineo,	  el	  siguiente	   paso	  ha	   sido	   el	   desarrollo	   de	   un	  modelo	   integral	   a	   escala	   regional	   que	  permita	   vincular	   estos	   posibles	   cambios	   físicos	   con	   las	   repercusiones	  socioeconómicas	   que	   supondrían	   sobre	   el	   turismo	   de	   invierno	   a	   nivel	   local	   y	  regional	  (Figura	  1).	  Para	  este	  fin	  se	  ha	  creado	  un	  modelo	  georeferenciado	  basado	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en	  agentes	   (GIS+ABM)	  acoplado	  a	  un	  modelo	  gravitacional.	  El	  modelo	  basado	  en	  agentes	  (ABM)	  permite	  simular	  por	  un	  lado,	  la	  variación	  diaria	  de	  la	  cobertura	  de	  nieve	   a	   nivel	   local	   en	   cada	   una	   de	   las	   estaciones,	   y	   por	   lo	   tanto	   la	   capacidad	   de	  operar	  o	  no	  de	  dicha	  estación.	  De	  este	  modo,	  utilizando	  las	  proyecciones	  de	  nieve	  natural	   de	   modelos	   climáticos	   regionales,	   se	   simula	   diariamente,	   añadiendo	   la	  capacidad	  de	   producción	   de	   nieve,	   las	   condiciones	   diarias	   de	   cada	   estación	   para	  poder	   operar	   o	   no	   a	   lo	   largo	   de	   una	   temporada.	   Por	   otro	   lado,	   el	   modelo	   por	  agentes	  permite	  simular	   la	  respuesta	  adaptativa	   individual	  de	   los	  esquiadores	  en	  función	  de	  las	  condiciones	  de	  nieve	  de	  las	  estaciones,	  como	  por	  ejemplo,	  dejar	  de	  esquiar	   o	   ir	   hacia	   la	   estación	  más	   próxima	   con	   nieve	   disponible.	   Finalmente,	   el	  modelo	   gravitacional	   permite	   en	   función	   de	   la	   capacidad	   de	   atracción	   de	   las	  estaciones	   de	   esquí,	   basada	   en	   características	   tanto	   físicas	   (altitud,	   superficies	  esquiable,…)	   como	   comerciales	   (precio	   del	   forfait,	   actividades	   turísticas	  complementarias,…)	   y	   de	   la	   distancia	   entre	   estaciones,	   simular	   la	   redistribución	  potencial	   de	   esquiadores	   entre	   aquellas	   estaciones	   que	   siguen	   operando.	   Para	  analizar	  los	  efectos	  del	  cambio	  climático	  sobre	  el	  turismo	  de	  nieve	  del	  Pirineo,	  se	  han	   aplicado	   a	   dicho	   modelo	   integral	   cuatro	   escenarios	   diferentes.	   Un	   primer	  escenario,	  asume	  un	   incremento	  de	   la	   temperatura	  media	   invernal	  de	  2°C.	  En	  un	  segundo	  escenario	  más	  intensivo	  de	  cambio	  climático,	  se	  asume	  un	  incremento	  de	  4°C.	   Estos	   dos	   escenarios,	   solo	   contemplan	   la	   cobertura	   natural	   de	   nieve	   para	  determinar	   la	   capacidad	   de	   operar	   de	   las	   estaciones	   de	   esquí	   y	   nos	   permiten	  evaluar	   la	   vulnerabilidad	   natural	   de	   cada	   una	   de	   ellas.	   Para	   poder	   analizar	   la	  capacidad	   de	   la	   nieve	   de	   producción	   como	   medida	   de	   adaptación	   al	   cambio	  climático	   y	   realizar	   escenarios	  de	   futuro	  más	   realistas,	   ya	  que	   a	  día	  de	  hoy	   gran	  parte	  de	   los	  dominios	  esquiables	  ya	  disponen	  de	  estos	  sistemas	  de	   innivación,	  se	  ha	  incluido	  el	  efecto	  de	  esta	  tecnología	  en	  los	  otros	  dos	  escenarios.	  De	  este	  modo,	  se	  han	  simulado	  los	  efectos	  bajo	  un	  incremento	  	  de	  2°C	  y	  4°C	  teniendo	  en	  cuenta	  la	  capacidad	  de	  producir	  nieve	  en	  estos	  escenarios	  climáticos.	  	  	   3.4.1	  Vulnerabilidad	  natural	  y	  técnica	  de	  las	  estaciones	  de	  esquí	  del	  Pirineo.	  	  El	  presente	  modelo	  se	  desarrolló	  primero	  a	  escala	  local	  para	  Andorra	  (Pons-­‐Pons	  et	   al.,	   2012).	   El	   objetivo	   era	   probar	   el	   buen	   funcionamiento	   del	   modelo	   en	   un	  espacio	  limitado.	  Pero	  estos	  resultados	  tienen	  que	  considerarse	  como	  parciales	  ya	  que	  existe	  una	  importante	  interacción	  entre	  las	  estaciones	  (competencia)	  que	  sólo	  se	  tiene	  en	  consideración	  en	  un	  estudio	  más	  extenso	  de	  ámbito	  regional.	  A	  escala	  del	  Pirineo,	  el	  primer	  resultado	  que	  se	  obtiene	  del	  modelo	  integral	  es	  el	  análisis	  de	  la	   vulnerabilidad	   tanto	   natural	   como	   técnica	   de	   las	   estaciones	   de	   esquí	   de	   los	  Pirineos.	  Para	  determinar	  si	  una	  estación	  de	  esquí	  es	  o	  no	  viable,	  se	  ha	  utilizado	  el	  criterio	  a	  día	  de	  hoy	  más	  extendido	  en	  este	  tipo	  de	  análisis:	   la	  regla	  de	  los	  30	  cm	  durante	   100	   días	   (Abegg	   et	   al.,	   2007;	   Scott	   et	   al.,	   2003;	   Steiger	   2010;	   Witmer,	  1986).	  Según	  este	  criterio,	  se	  considera	  que	  una	  estación	  de	  esquí	  es	  viable	  cuando	  dispone	  de	  una	  cobertura	  de	  nieve	  de	  al	  menos	  30	  centímetros	  de	  nieve	  durante	  un	  mínimo	  de	  100	  días	  por	  temporada.	  De	  este	  modo,	  a	  partir	  de	  las	  proyecciones	  de	   cambios	   en	   la	   cobertura	   de	   nieve,	   se	   ha	   calculado	   la	   cantidad	   de	   estaciones	  viables	   de	   forma	   natural	   en	   una	   temporada	   promedio	   presente	   y	   bajo	   dos	  escenarios	  de	  cambio	  climático	  (+2°C	  y	  +4°C).	  Para las proyecciones de nieve natural, 
se han utilizado los resultados de López-Moreno et al, (2009),  construidas a partir del  
modelo GRENBLS (Keller et al., 2005) utilizando como input variables climáticas 
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obtenidas a partir del modelo climático Regional HIRHAM (Christensen et al., 1998). 
Antes de realizar el análisis se ha realizado un downscaling espacial de las variables 
climáticas a cuatro bandas altitudinales: 1500, 2000, 2500 y 3000 metros. Las 
proyecciones de los cambios en la cobertura de nieve en el Pirineo se han simulado a 
partir de dos escenarios futuros de emisiones: el SRES A2 y el B2 (IPCC 2007). Por	  otro	  lado,	  para	  analizar	  la	  viabilidad	  técnica	  de	  las	  estaciones	  de	  esquí,	  es	  decir	  teniendo	   en	   cuenta	   la	   capacidad	   de	   producir	   nieve,	   se	   ha	   utilizado	   el	   mismo	  criterio	   pero	   en	   este	   caso	   considerando	   el	   efecto	   de	   esta	   tecnología	   sobre	   la	  cobertura	  de	  nieve	  natural	  proyectada	  para	  cada	  estación.	  	  La	  Figura	  3	  muestra	  la	  vulnerabilidad	   natural	   y	   técnica	   (con	   nieve	   de	   producción)	   de	   las	   estaciones	   de	  esquí	   del	   Pirineo	   en	   el	   presente	   y	   bajo	   dos	   escenarios	   de	   cambio	   climático,	   uno	  medio	  y	  uno	  de	  más	  intensivo.	  	  	  	  
	  Figura	  3.	  Viabilidad	  natural	  y	  técnica	  de	  las	  estaciones	  de	  esquí	  del	  Pirineo.	  	  	  	   3.4.2-­‐	  Impacto	  sobre	  la	  frecuencia	  de	  esquiadores	  	  	   A	  partir	  de	  la	  proyección	  de	  los	  días	  esquiables	  en	  cada	  estación	  de	  esquí	  y	  de	   las	   estadísticas	   de	   visitantes	   obtenidas	   a	   partir	   de	   datos	   históricos	   de	   las	  estaciones	   (Datos	  propios	  obtenidos	  a	  partir	  de	  hemeroteca;	  DSF,	  2012;	  ATUDEM,	  
2013	   y	   SkiAndorra,	   2013)	   y	   de	   los	   datos	   obtenidos	   a	   través	   de	   las	   encuestas	   de	  turismo	  de	  Andorra	   (Andorra	  Turisme,	  2012),	   se	  ha	  proyectado	   la	   frecuentación	  de	   esquiadores	   en	   cada	   estación	   bajo	   los	   diferentes	   escenarios	   comentados	  anteriormente.	  Hasta	  día	  de	  hoy,	   la	  mayoría	  de	  estudios	   internacionales	  que	  han	  analizado	   los	   posibles	   impactos	   del	   cambio	   climático	   sobre	   el	   turismo	   de	   nieve	  consideraba	  que	  la	  disminución	  de	  esquiadores	  era	  proporcional	  a	  la	  disminución	  de	   días	   esquiables.	   Es	   decir,	   cuando	   una	   estación	   se	   considera	   no	   viable,	   se	  produce	  una	  pérdida	  del	  total	  de	  esquiadores.	  Sin	  embargo,	  estudios	  recientes	  han	  demostrado	   que	   solo	   una	   pequeña	   parte	   de	   estos	   esquiadores,	   entorno	   al	   4%,	  dejaría	   de	   esquiar	   si	   cerrara	   la	   estación	   de	   esquí	   la	   cual	   frecuentan.	   El	   resto,	  mostraría	  una	  capacidad	  adaptativa	  ya	  sea	  mediante	  una	  sustitución	  espacial	  de	  la	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actividad	   (buscando	   la	   estación	   más	   cercana	   con	   las	   condiciones	   deseadas)	   o	  temporal	   (esquiando	   con	   más	   frecuencia	   durante	   los	   periodos	   que	   abra	   la	  estación)	  (Behringer	  et	  al.,	  2000;	  Dawson	  et	  al.,	  2011,	  Gössling	  et	  al,	  2012;	  Dawson	  et	  al.,	  2013).	  Estos	  datos	  muestran	  la	  necesidad	  de	  incorporar	  este	  aspecto	  desde	  un	  punto	  de	  vista	  regional	  en	  los	  análisis	  de	  impacto	  ya	  que	  como	  se	  ha	  comentado	  anteriormente,	  el	  grado	  de	  los	  impactos	  del	  cambio	  climático	  sobre	  la	  cobertura	  de	  nieve	  puede	   ser	  muy	  heterogéneo	  a	  distancias	  muy	   cortas,	   y	  por	   consiguiente	   la	  vulnerabilidad	   de	   las	   estaciones	   de	   esquí	   de	   cualquier	   región.	   Con	   tal	   de	   poder	  incorporar	   la	   capacidad	   adaptativa	   de	   los	   esquiadores,	   se	   ha	   simulado	   la	  sustitución	   espacial	   y	   de	   actividad	   de	   los	   esquiadores	   cuando	   la	   estación	   la	   cual	  frecuentaban	  no	  dispone	  de	  las	  condiciones	  mínimas	  para	  operar.	  Ya	  que	  a	  día	  de	  hoy	  no	  se	  disponen	  de	  encuestas	  sobre	  la	  respuesta	  adaptativa	  de	  los	  esquiadores	  en	  el	  Pirineo,	  se	  han	  utilizado	  como	  referencia	  los	  datos	  de	  comportamiento	  de	  los	  estudios	  realizados	  en	  los	  Alpes	  y	  Norteamérica	  (Behringer	  et	  al.,	  2000;	  Dawson	  et	  al.,	   2011,	   Gössling	   et	   al,	   2012;	   Dawson	   et	   al.,	   2013).	   Para	   estimar	   la	   sustitución	  espacial,	   se	   ha	   utilizado	   un	  modelo	   gravitacional	   georeferenciado	   que	   distribuye	  los	  esquiadores	  de	  una	  estación	  de	  esquí	  cerrada	  entre	  las	  disponibles	  en	  función	  de	   dos	   criterios:	   la	   distancia	   entre	   las	   estaciones	   de	   esquí	   y	   la	   capacidad	   de	  atracción	   de	   esquiadores	   de	   cada	   una	   de	   ellas.	   Para	   modelizar	   la	   capacidad	   de	  atracción	  de	  cada	  una	  de	  las	  estaciones	  se	  ha	  creado	  un	  indicador	  de	  atractividad	  en	   base	   a	   características	   físicas	   de	   las	   estaciones	   como	   la	   cota	   media	   o	   los	  kilómetros	  esquiables,	  y	  características	  socioeconómicas,	  como	  el	  precio	  del	  forfait	  o	   la	   oferta	   de	   actividades	   turísticas	   complementarias.	   El	   indicador	   creado	  representa	  de	   forma	  estadísticamente	   significativa	   (R2	  =	  0,87;	  p-­‐value	  <	  0,01)	   la	  distribución	  actual	  de	  esquiadores	  entre	  las	  estaciones	  de	  esquí	  de	  los	  Pirineos.	  De	  este	  modo,	   cuando	   una	   estación	   de	   esquí	   se	   considera	   no	   viable,	   un	   4%	   de	   sus	  esquiadores	  se	  considera	  que	  cambia	  de	  actividad	  y	  el	  resto	  se	  redistribuye	  entre	  las	   estaciones	   de	   esquí	   restantes	   que	   seguirían	   operando	   siguiendo	   el	   modelo	  gravitacional.	   En	   un	   ejemplo	   hipotético,	   la	   posible	   redistribución	  de	   esquiadores	  según	   el	   modelo	   gravitacional	   cuando	   la	   estación	   de	   la	   Molina	   se	   encontrase	  cerrada,	  se	  observaría	  que	  una	  gran	  cantidad	  de	  esquiadores	  se	  desplazaría	  hasta	  Masella,	  debido	  al	   factor	  de	  proximidad	  y	  viceversa.	  Sin	  embargo,	  a	  pesar	  de	  que	  GrandValira	   se	   encuentra	   a	   mayor	   distancia	   que	   otras	   estaciones	   abiertas	   más	  próximas,	   se	   observa	   que	   esta	   estación	   absorbería	   un	   11%	   de	   los	   esquiadores	  debido	  a	  su	  alta	  capacidad	  de	  atracción.	  	  	  	  	  3.4.3	  Clasificación	  de	  las	  estaciones	  de	  esquí	  según	  el	  nivel	  de	  vulnerabilidad	  	  	   El	  modelo	  regional	  descrito	  nos	  permite	  analizar	  cómo	  los	  cambios	  locales	  proyectados	  sobre	   la	  cobertura	  de	  nieve	  van	  a	   impactar	  a	  nivel	   regional	  sobre	  el	  turismo	   de	   nieve	   en	   los	   Pirineos.	   Dicho	   análisis	   nos	   ha	   permitido	   identificar	   y	  clasificar	   en	   tres	   grupos	   las	   estaciones	   de	   esquí	   del	   Pirineo	   según	   su	   nivel	   de	  vulnerabilidad.	  	  El	  primer	  grupo	  está	  caracterizado	  por	  estaciones	  de	  esquí	  con	  un	  bajo	   nivel	   de	   atractividad	   turística	   y	   unas	   condiciones	   geográficas	   y	   climáticas	  menos	   favorables	   (estaciones	   a	   cotas	   más	   bajas,	   con	   una	   mayor	   influencia	  mediterránea	  y/o	  con	  orientaciones	  predominantes	  de	  sur,…).	  Este	  grupo	  muestra	  una	   disminución	   en	   el	   número	   de	   esquiadores	   tanto	   en	   un	   escenario	   de	   cambio	  climático	   medio	   (+2°C)	   como	   severo	   (+4°C),	   incluso	   con	   el	   uso	   de	   nieve	   de	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producción.	   Un	   segundo	   grupo,	   con	   un	   nivel	   de	   atractividad	   medio	   y	   con	   unas	  condiciones	  climáticas	  y	  geográficas	  más	  favorables	  que	  el	  primer	  grupo,	  muestra	  que	   bajo	   un	   incremento	   de	   cambio	   climático	  medio,	   es	   capaz	   de	   incrementar	   la	  frecuentación	  de	  esquiadores	  en	  su	  dominio	  en	  gran	  medida	  gracias	  a	  la	  nieve	  de	  producción.	   Sin	   embargo,	   bajo	   un	   escenario	   de	   cambio	   climático	  más	   severo,	   la	  mayoría	   de	   estaciones	   sufrirían	   un	   descenso	   de	   la	   frecuentación	   principalmente	  debido	   a	   la	   pérdida	   de	   días	   con	   las	   condiciones	   mínimas	   de	   temperatura	   para	  producir	   nieve	   de	   cultivo	   y	   por	   lo	   tanto	   de	   su	   capacidad	   de	   mantener	   una	  temporada	   más	   larga.	   Finalmente,	   el	   tercer	   grupo	   está	   caracterizado	   por	  estaciones	  con	  unas	  características	  geográficas	  privilegiadas	  (mayor	  altitud,	  mayor	  influencia	  atlántica	  y/o	  orientaciones	  predominantes	  de	  norte)	  y	  un	  mayor	  factor	  de	   atractividad	   turístico.	   Este	   grupo	   es	   considerado	   el	   más	   resiliente	   ya	   que	   a	  pesar	   de	   sufrir	   una	   reducción	   de	   la	   temporada	   de	   esquí,	   la	   capacidad	   de	   abrir	  durante	  más	  días	  que	  sus	  competidores	  y	  su	  mayor	  y	  más	  diversa	  oferta	  turística,	  les	  proporcionan	  una	  ventaja	  estratégica	  que	  les	  permitirá,	  tanto	  en	  un	  escenario	  de	   cambio	   climático	   moderado	   como	   en	   uno	   de	   más	   severo,	   atraer	   aquellos	  esquiadores	  de	  las	  estaciones	  de	  esquí	  cercanas	  más	  vulnerables.	  	  La	  figura	  4	  muestra	  la	  evolución	  de	  la	  vulnerabilidad	  y	  del	  volumen	  de	  esquiadores	  bajo	  diferentes	  escenarios	  de	  cambio	  climático	  para	  tres	  estaciones	  diferentes	  del	  Pirineo.	   La	   figura	  muestra	   el	   comportamiento	   diferente	   de	   cada	   una	   de	   las	   tres	  estaciones	  según	   la	  clasificación	  obtenida	  mediante	   la	  metodología	  utilizada	  para	  este	  estudio:	  estaciones	  de	  alta	  vulnerabilidad,	  baja	  vulnerabilidad	  y	  resilientes.	  	  
	  	  Figura	  4.	  Evolución	  de	  los	  impactos	  negativos	  tanto	  económicos	  como	  físicos	  y	  del	  volumen	  de	  esquiadores	  (mayor	  tamaño,	  mayor	  frecuencia	  de	  esquiadores)	  en	  las	  estaciones	  A	  (alta	  vulnerabilidad),	  B	  (baja	  vulnerabilidad)	  y	  C	  (resiliente)	  bajo	  diferentes	  escenarios	  de	  cambio	  climático.	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Estos	  resultados	  muestran	  y	  cuantifican	  por	  primera	  vez	  de	  forma	  objetiva	  que	  la	  principal	  consecuencia	  del	  cambio	  climático	  no	  será	  una	  disminución	  significativa	  del	  turismo	  de	  nieve	  sino	  una	  redistribución	  del	  turismo	  de	  nieve	  de	  las	  estaciones	  más	  vulnerables	  hacia	  aquellas	  estaciones	  más	   resilientes	   teniendo	  en	  cuenta	  no	  solo	  la	  variabilidad	  física	  y	  climática	  de	  cada	  una	  de	  las	  estaciones	  si	  no	  también	  la	  influencia	   de	   otros	   factores	   socioeconómicos	   como	   la	   oferta	   turística	  complementaria	   o	   la	   accesibilidad.	   Por	   otro	   lado,	   esta	   clasificación	   permite	  diferenciar	  vulnerabilidad	  de	  cada	  una	  de	  ellas	  y	  por	  lo	  tanto	  cuáles	  podrían	  ser	  las	  medidas	  de	  adaptación	  al	  cambio	  climático.	  De	  este	  modo,	  las	  estaciones	  de	  esquí	  identificadas	  como	  resilientes	  muy	  probablemente	  podrán	  continuar	  su	  actividad	  aplicando	   medidas	   de	   adaptación	   técnicas	   como	   la	   nieve	   de	   producción	   o	   la	  preparación	   de	   pistas.	   Sin	   embargo,	   debido	   a	   la	   capacidad	   de	   atraer	   nuevos	  esquiadores,	   seguramente	   deberán	   aplicar	   medidas	   para	   reducir	   y	   controlar	   el	  impacto	  sobre	  el	  entorno	  como	  consecuencia	  del	  incremento	  de	  actividad	  y	  del	  uso	  más	  intensivo	  que	  requerirán	  las	  medidas	  tecnológicas	  de	  adaptación,	  como	  puede	  ser	   el	   uso	  más	   intensivo	   de	   los	   cañones	   de	   nieve	   y	   sus	   repercusiones	   sobre	   los	  recursos	   energéticos	   y	   hídricos.	   El	   segundo	   grupo,	   identificado	   como	   de	   baja	  vulnerabilidad,	   podrá	   basarse	   a	  medio	   plazo	   en	  medidas	   de	   adaptación	   técnicas	  pero	   con	   una	   planificación	   futura	   basada	   en	   cambios	   más	   estructurales	   de	   su	  oferta	   turística	   como	   una	   mayor	   diversificación	   y	   desestacionalización	   de	   sus	  actividades.	   Finalmente,	   el	   grupo	   identificado	   como	   altamente	   vulnerable	   a	   los	  efectos	   del	   cambio	   climático,	   comprende	   aquellas	   estaciones	   las	   cuales	   deberían	  reconsiderar	  el	  turismo	  de	  nieve	  como	  su	  actividad	  principal	  y	  reorientarlo,	  en	  un	  marco	   de	   turismo	   sostenible,	   hacia	   otras	   actividades	   que	   no	   dependan	   tanto	   del	  recurso	   nivoso	   y	   estén	  más	   orientadas	   al	   turismo	   de	  montaña	   estival	   como	   por	  ejemplo	  el	  ciclismo	  de	  montaña,	  el	  turismo	  rural	  o	  el	  	  senderismo.	  	  	  
4. Conclusiones	  	  	   En	   este	   proyecto	   de	   la	   CTP	   se	   ha	   conseguido	   por	   primera	   vez	   evaluar	   de	  forma	   objetiva	   la	   influencia	   del	   cambio	   climático	   en	   el	   turismo	   de	   nieve	   para	   la	  región	   del	   Pirineo.	   Debido	   al	   importante	   impacto	   económico	   y	   social	   de	   esta	  actividad	   era	   necesario	   tener	   un	   estudio	   de	   esta	   tipología	   que	   identificase	   la	  vulnerabilidad	  de	  las	  diferentes	   infraestructuras	  existentes.	  Cabe	  destacar	  por	  un	  lado,	   la	   heterogeneidad	   y	   gran	   variabilidad	   espacial	   de	   los	   resultados	   obtenidos	  indicando	   que	   no	   se	   puede	   generalizar	   los	   impactos	   y	   posibles	   soluciones	   para	  todas	   las	  estaciones.	  En	  ese	   sentido,	   la	  buena	  adaptación	  al	   cambio	   climático	  del	  sector	   pasará	   por	   acciones	   individualizadas	   para	   las	   diferentes	   estaciones	   en	  función	  del	  grado	  de	   la	  vulnerabilidad	  propia	  de	  cada	  una	  de	  ellas	  y	  del	   impacto	  esperado.	   Para	   las	   más	   resilientes,	   seguramente	   será	   suficiente	   con	  medidas	   de	  adaptación	   técnicas	   para	   garantizar	   su	   actividad.	   En	   cambio,	   las	   estaciones	  más	  vulnerables	   deberán	   basarse	   en	   soluciones	   más	   estructurales,	   fomentando	   las	  actividades	   complementarias,	   mejoras	   en	   las	   comunicaciones,	   la	  desestacionalización	   o	   en	   los	   casos	   más	   extremos,	   un	   completo	   cambio	   de	  actividad.	   Sin	   embargo	   cabe	   destacar	   que	   en	   la	   consecución	   de	   este	   proyecto	   se	  han	  identificado	  una	  serie	  de	  limitaciones	  y	  líneas	  futuras	  de	  investigación.	  Por	  un	  lado,	   la	   influencia	   que	   pueden	   tener	   factores	   como	   pueden	   ser	   el	   viento	   y	   otros	  fenómenos	  meteorológicos	   extremos	   en	   el	   funcionamiento	   de	   las	   instalaciones	   y	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las	  condiciones	  de	  esquiabilidad	  en	  una	  estación.	  Por	  otro	  lado,	  la	  importancia	  de	  tener	  en	  cuenta	  variables	   locales	  como	   la	  orografía,	   la	  orientación	  o	   la	  pendiente	  de	  las	  pistas	  ya	  que	  juegan	  un	  papel	  crucial	  en	  la	  distribución	  espacial	  de	  la	  nieve.	  En	   este	   sentido,	   en	   la	   actualidad	   se	   está	   desarrollando	   otro	   proyecto	   de	   la	   CTP:	  “Creación	   de	   un	   modelo	   de	   alta	   resolución	   espacial	   para	   cuantificar	   la	  esquiabilidad	   y	   la	   afluencia	   turística	   en	   el	   Pirineo	   bajo	   diferentes	   escenarios	   de	  cambio	  climático”	  con	  el	  objetivo	  de	  profundizar	  en	  estas	  líneas	  de	  trabajo	  y	  poder	  obtener	  unos	  resultados	  con	  un	  mayor	  grado	  de	  precisión	  y	  definición.	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